Mt FIE COPY
AFGL-TR-88-0133 AD-A189 181

NEW CONCEPTS IN IONOSPHERIC MODIFICATION

P. M. Banks

A. C. Fraser-Smith
B. E. Gilchrist

K. J. Harker

L. R. O, Storey
P. R. Williamson

|
|

[P s mY

Stanford University
Star Laboratory
Stanford, CA 94305

X AKX EARXL2 KIFETF S~k

April 1987
- y
2
.!
Final Report g

15 April 1986-30 September 1987

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

AIR FORCE GEOPHYSICS LABORATORY

AIR FORCE SYSTEMS COMMAND

UNITED STATES AIR FORCE

HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731-5000

Y TaYY 'Y LT P _N_® T T 3] TR NN NI

s N j AL e s
o, P Sl e N P4
b “ % * 0 ® a ™o ® P Ll T R I . R i TR

I R R Y R B A L AN R T et U TN Nl N o RO TSN g p S
. e e ® - ' - - Ay p 4 g - . -, N s
d«“.i'h'n‘:$“:'nu.“v,1,‘n '."u .?'- ..'{h paa™ ',."'A e e ,."\' ;“', .. .. LA P L T LT PR L e, N T e L, w N -

D



This technical report has been reviewed and is approved for publication,

FOR THE COMMANDER

, -~
,___Iédé; Cfbtlﬁéa.-aoumtco £; 4-855773

JOHN E. RASMUSSEN, Chief ROBEHT A. 8 ANEX, Director
Ionospheric Interactions Branch lenospheric Physics Division

This document has been reviewed by the ESD Public Affairs Office (PA) and is
releasable to the National Techtitical Information Service (NTIS).

Qualified requeéstors may obtain additional copies from the Defense Technical
Information Center. All others should apply to the National Technical
Information Service.

If your address has changed, or 1f you wish to be temoved from the mailing
1ist, or if the addressee is no longer employed by your organizationm, please
notify AFGL/DAA, Hanscom AFS, MA 01731. This will assist us in maintaining
a current mailing list.

r T




o QA IA S B LALLM o sop M

I
.

REFURT ULUWULUMENTATIUN PAGE

1a REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS

JNCLASSIFIED N/A
2s. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
N/A . .
2b. DECLASSIFICATION/DOWNGRADING SCHEDULE ég u’;l?tveedd for DUblic releasc ; dist "'ibutlon
4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
ni3i-1 AFGL-TR-88-0133
NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
(If applicable) Air Force Geophysics Laboratory
Star Laboratory
. ADDRESS (City, State and ZIP Code) 70. ADORESS (City, State and ZIP Code)
stanford University
stanford, CA 94305 Hanscom AFB, MA 01731-5000
. g:gi:';;:%t::NG/SﬂONSONNG 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
, (1f applicabie) Project Order GLH-6-6015
AFOSR NG
ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.

Bollinz AFB PROGRAM PROJECT TASK WORK UNIT
“ashington, DC 20332 ELEMENT NO. No. NO. No.

TITLE (Include Security Classification)  Neow Concepts in 61102F 2310 2310G3 2310G3BK
lopospheric Modification (U)

12. PERSONAL AUTHORIS) P .M. Banks, A.C. Fraser-Smith, B.E. Gilchrist, K.J. Harker,
{ L.R.0. Storey and P.R. Williamson

130 TYPE OF REPORT 136, TIME COVERED 14. DATE OF REPORT (Y7, Mo., Day) 15. PAGE COUNT
FINAL | rmom 4/15/86 1o 9/30/84 1987 April

16. SUPPLEMENTARY NOTATION ' Yia

PR
. -

.

COSATI CODES

I

-48. SUBJECT TERMS (Continue on reverse if necessory and identity by block number)

Fieo | groue sue. GA. TONOSPHERIC MODIFICATION; PARTICLE BEAMS! ELECTRON BEAMS
01 PHOTON BEAMS; PLASMA BEAMS\)!S(’ _
09 )

{ ABSTRACT /Continue on reverse (f necessary and iden tifs by block number)

This report considers the ionospherfc modification that can be produced by energetic
chareed particle and photon beams, which we—acsume are cmitted from a platform or vehicle
(spacecralt or rockets) located in the ionosphere. The various beams considered include
(1) charued particle beams composed of lowf, moderated, and highdenergy electrons, (2) beams
of ifons and plasma, and (3) photon beams of soft Xprays and extreme ultraviolet radiation.
Bricflv considered, in addition to the beam topics, is the ionospheric modification produccd
by the release of neutral gas of high molecular weight from a rapidly moving vehicle such as

the “iace Shuttle Orbiter. When a ranking is made in terms of the new information that mav
Bo N nedy the seale of the modification that may be produced, and the availability of
her oo e, ionospheric podification by means of relativistic electron beams appears
pirticolarly promisine,  However, all the methods have their own distinctive features which
coul ' codee their use desirable under particular circumstances., The modificat fon produced bv
mean: o heams ol sof U X=ravs, for example, is not strongly dependent on the beam's direc-
pobative Lo ‘o magnetic ficld, and thus modification can be produced In»
20 DISTPBUTION:AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION ‘

Wt ACST BT
UNCLA55 HIED'UNLIMITED 33 SAME AS RPT ) DTic usERs [J UNCLASSTFIED

22¢ NAME OF RESPONSIBLE INDIVIDUAL 220 TEI EPHONE NUMBER
tinclude Area Code)
Pyt

22¢. OFFICE SYMBOL
AFCL/LID

FOSSEY

377-3083
0D FORM 1473, 83 APR €DITION OF 1 JAN 7318 OBSOLETE

UNCLAS .
SECURITY CLASSIFICATION OF THIS PAGE

LT LA

AN A AT AN



3
bt
=

Block 19 Cont'd

i
regions inaccessible to a charged parcicle becam from the same vehicle.

ce

)
'y

"x

N SRy

ICARRR.

—'a i

I3

LIPS

#

LAERLRS

A;Lu

l))

It

. 8

=

-

A MR e D A T o Y R Tt VR 0V Rt A L A A ) S TRV S A A AN



Acknowledgements

We thank Professors S. E. Harris and J. F. Young, of Stanford’s Ginzton Laboratory,
Dr. P. A. Kossey, of the Air Force Geophysics Laboratory, Dr. J. Haimson, of Haimson
Research Corporation, and Dr. T, E. Moore, of NASA’s Marshall Space Flight Center, for

their information, advice, and encouragement during the course of this work.

Support for the work was provided by the Air Force Geophysics Laboratory through an
augmentation of NASA Grant NAGW 235.

. Aggession For . |
NTIS GRA&I g
DTIC TAB
Unannouncsd O

Justification —

By.

Availability Codps

T laved anajor
Dist § Special




st TABLE OF CONTENTS

2 1. Introduction and Summary . . . ., . ... .. .

1.1, Introduction . . . . . . .. ...

1
A.\.\’ * . . . . * + . + . * . * . * * * L 1
"": 1020 Summ&ry . ¢ e . . e . . . ¢ o . . . . . . . « . . . . ¢ e . ¢ e . 2
Yy
5_\*‘ 103. Refel'ences . . . . * e . . . 0 . . . . . . . . . . . . . * e ¢« . . 7
Ry
) 2. Low Energy ElectronBeams . . . . . . .. ... ..............09
Pl . .
2, 2.1. Ionization Process . . . . . . ... ... ... ... .. .......09
s
-d®

I 2.2. Electromagnetic Scatteriag . . . . . . . ... ... ......... |4
2 2.3. Generation of Electromagnetic Waves . . . . . . .. ... ...... 20
Ji,,_ 2.4. Recommendations for Further Work . . . . . . . . . ... ... ... 25
:&:{ 25. Summary . . .. ... ... ...
:{':‘?{ 2.6. References . . . . . . ... ... .....
® 3. Moderately Energetic Electron Beams . . . . . . . . .
3.1. Previous Space Experiments . . . . . . . ... ..
3.2. Electron Beam Sources . . . . . .. .. ... ... ........ 34
3.3. Ionospheric Effects of Electron Beams . . . . . .
3.4. Possible Future Experiments . . . . . . . .
3.5. Summary of Proposed Experiments . . . . . . .. ... ....... 41
3.6. References . . . . . . ... .. .. ..
4. Relativistic Electron Beams . . . . . . . . . .

4.1. Introduction . . . . . . . . .. .. ..

4.2. Jonization Column Dy. mics . . . . . . . . .. ... ... ..... 46

4.3. Electrodynamics of an lonization Column in the Middle Atmosphere . . . 59

4.4. A Proposed Experiment . . . . . . . . . ..
4.5. Closing Remarks . . . . . . . ... .. ..

4.6. References . . . . . . s, 72

) 47 Appendix A . . . ... L L ..., T8

1.8, Appendix B: Relocation of lonized Columin te Uniform Potential . . . .

-%‘V'; 5 lonand Plasma Bearns . . . . . . . . . . .. ... ... ... ...,
)

™ 5.1, Pievious Space Experiments . . . . . . . . . ... L. ... 9

‘3." R AR It i ) ALY “J:“f‘d“‘-‘"’««\"d LRSS
R It B i g AR )

v . ‘ 0 P st el e ‘&'r'v 'y
# o s
ERICYCY

v ,k*s*.'.‘x\)




g

,ffJﬁ
5

5.2, Icu and Plasma Beam Sources . . . . . . . ., . .. .. .. ...
5.3. lonospheric Effects of Ion and Plasma Beams . . . . . . . .. . ... . 107
I O £
coeoe. 129
B & 1 |
6. Jonospheric Modification by X-Rays and EUV Radiation . . . . ... ... . 143

S I |
6.2. Absorptionof X-Rays . . . . . . . . ... ... ... ....... 145
C e e e e e e e e .. 148
co.o.o. 149
... . 163
Y [ %
6.7. Suggestions for Further Work . . . . . . . . . ... ... ... ... 166

D {4 §
7. Neutral Gas Releases . . . . . . . .. .. .. .. ... ......... 169
B (1)
B ¥ (1
R I (
R N ¢
T . 1)
R £ |

5.4, Possible Future Experiments . . ., . . . .. .. ..., ..
5.5. Summary of Proposed Experiments . . . . . . ... .. ...

56. References . . . . . . . . . . .« .. . ...

6.1. Introduction . . . . . . . .. .. .. ...

6.3. Absorption Cross Sections . . . . . . . . . .
6.4. X-Ray Beam Generation by Infrared Lasers . . . . . . . . . .
6.5. X-Ray Generation by Energetic Electron Beams- . . . . . . . .

6.6. Discussion . . . . . . . . . . . . . . ...

6.8. References . . . . . . . . . .. . ... ..

7.1. Introduction . . . . . . . . ... ... ..
7.2. BasicProcesses . . . . . . . .. ... ...
73. Discussion . . . . . . . . . . v e . e e e

74. Future Work . . . . . . . . . .. . .. ..

2 75. References . . . . . . . . . . . . .. ...

o 8 Summary . . . .. .. ... ...,

% vi

Y

L4 e el L S R O S
e R : -

P o % L. - L . - . - v o b e
L= F, X PRV TR SR R BT R Y LT R S S - L, N & I S IR Y




1. INTRODUCTION AND SUMMARY
1.1. Introduction

In 1986, our group (the Space Plasma Group in Stanford University’s Space,
Telecommunications and Radioscicnce, or STAR, Laboratory) undertook a short but
intensive study-of-ionospheric modification for the Ajr Force Geophysics Laboratory
(AFGL). The study was an outgrowth of the experimental and theoretical rescarch
we are conducting for NASA and for Rome Air Development Center (RADC). This
research is largely directed toward the utilization of electron beams in space for ve-
hicle charge control and for electromagnetic wave generation, and it has included
experiments on flights of Space Shuttle Orbiters (STS-3 and Spacelab-2) and rockets
(CHARGE-1, -2). Our interest and involvement in jonospheric modification arose

out of a particular experiment we scheduled during the Spacelab-2 and CHARGE-2

o flights, which was first described by Banks and Gilchrist [1985). By directing repetitive
”'"::; pulses of the electron beam downwards along the magnetic field, Banks and Gilchrist
i‘}g (1985] predicted that a structure consisting of a regularly-spaced series of ionized

| columns would be produced that could be observed from the ground by suitably-
:}: located radars. Observations of the striated plasma screen, or “picket fence,” would
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provide information about some of the properties of the local ionospheric plasma as

£
ks

well as the ionization produced by the electron gun. It could also conceivably be used

- as a diffraction screen for HF/VHF radio transmissions.

:":w.j

. The picket fence produced in the ionosphere is a form of ionospheric modification,
A_‘o“‘ -

o and our work on the topic led us to consider what further forms of ionospheric modifi-
g

3.;:&.: cation might be produced by energetic particle or phcton beams. Support for a study
ﬁl':.',: of these concepts in ionospheric modification was provided early in 1986 by AFGL
%:f:: and the research portion of the study concluded at the end of September 1986. We
9 . should point out that the study was one of new concepts in ionospheric modification,
e )

A based on our clectron beam work, and thus no effort was directed toward work on
PO ionospheric modification by means of high-powered ground-based incoherent scatter
-t

‘ radars, or by other well-established methods such as b-..'um or other similar chemical
e . .

~3-d releases in the ionosphere.
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The study naturally divided itself into a limited number of efforts involving topics
that looked particularly promising. These topics, together with the members of our

group that took the lead on their investigation, arc as follows:

(1) lonospheric modification by low energy electron heams (E, < 10 keV) (K. J.
Harker ana B. E. Gilchrist).

(2) lonospheric modification by medium euergy electron beams (10 keV < E, < 500
keV) (L. R. O. Storey).

(3) lonospheric modification by relativistic electton beams (E, > 500 keV) (P. M.
Banks and B. E. Gilchrist). '

(4) Ionospheric modification by jon and plasma beams (L. R. O. Storey).

(5) lonospheric modification by X-ray and extreme ultra-violet (EUV) beams (A. C.
Fraser-Smith).

(6) lonospheric mouification by neutral gas releases from an orbiting vehicle (P. M.
Banks).

The chapters of this report follow the above listing of topics. Since there is little
overlap between the references cited for each topic, a list of the pertinent references is
appended at the end of each chapter instead of in a unified list at the end of the report.
Each chapter includes a brief summary section of results and/or recommendations for

further work, and these summaries are combined in the following unified summary

section.

1.2. Summary
1.2.1. lonospheric modification by low energy electron beams

Present research on ionospheric modification by means of low energy electron
bcams (Ee < 10 keV) already constitutes a new direction and the available theoretical
and experimental results of this research suggest thet it is possible to create significant
and comparatively persistent ionization enhancements in the E and lower F regions
of the ionosphere. Our suggestions for further work are therefore largely directed

toward obtaining a better understanding of the modification produced by the beams.
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Additional theoretical studics are recommended primarily in two arcas: (1) de-
termination of the optimum conditions for heam launching and propagation, and
(2) computations of the clectromagnetic scattering produced by electron heam in-
duced ionization. Recommendations of experimental work center on the upcoming
CHARGE-3 rocket experiment, in which our Laboratory is alrcady actively involved.
The primary goal of the CHARGE-3 mission is clectromagnetic wave generation us-
ing the modulated electron beam from a new high current (~ 4 A) and higher power
(10-15 kW) beam generator. Our suggestions here for additional work mostly involve
supplementary ground observations that would provide new information covering the
characteristics of the ionospheric modification produced by the beam.

1.2.2. lonospheric modification by medium energy electron beams

Moderately energetic electron beams (10 keV < Ee < 500 keV) can be used for
ionospheric modification in the same way as low energy beams, but without appearing
to offer any distinct advantages at the present time. If directed downwards from a
rocket or other space vehicle, they can produce ionization at lower altitudes than low
energy beams, which could be an advantage under some circumstances. It is also
possible that it may be easier for a moderately energetic beam to escape from its
source in the presence of vehicle charging. On the other hand, the more energetic
electron beams may be more susceptible to beam plasma discharge effects in the
vicinity of the vehicle, and, for a given current, they require a larger power source.
Our one major recommendation here is for a stronger theoretical and experimental
effort to investigate the conditions for escape of low and medium energy electron

beams from their sources in the presence of space plasma.
1.2.3. lonospheric modification by relativistic electron beams

Because of their deep penetration down into the lowest regions of the ionosphere,
and even into the comparatively un-ionized middle atmosphere, highly encrgetic (rel-
ativistic) electron beams (E¢ > 500 keV) offer a new ionospheric modification capa-
bility. For this reason, we have carried out a thorough initial study of the modification
that might be achieved with a moderately powerful (~ 5 MW), relativistic (~ 5 MeV)

electron accelerator from a rocket or satellite platform. It is shown that a single pulse

s W B R R R R e R T e e o ST
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of electrons from such an accelerator can penetrate to the lower mesosphere and up-
per stratosphere, creating a dense column of free electrans and positive ions as it
does s0, At high altitudes the ionized column remains relatively static, decaying only
slowly under the influence of recombination, whereas at lower altitudes the clectrons
are lost rapidly via attachment to neutral molecular oxygen. The jonized column can
scatter eleciromagnctic radiation, and our computations indicate that it may also
have a most unusual property: it may initiate an intense upward traveling clectrical
discharge similar to lightning. This latter property would make possible a whole new
class of innovative experiments. However, even if the initiation of discharges proved
infeasible, the creation of jonization in the niiddle atmospherc would enable impor-
tant measurements to be made in a region where they are currently very difficult or
impossible duc to vehicle limitations. In particular, it would be possible to obtain
information about the ambient electric field, without concern for the vehicle effects

that have proven to be a major problem in the interpretation of rocket measurements.

Our study has shown that a rocket-borne relativistic electron beam experiment
is feasible with current technology, and an experiment is proposed and discussed in
some detail in this report. Because of its feasibility, innovation, and the many new
measurements that would be possible in the upper atmosphere with a relativistic
electron beam, we highly recommmend a relativistic electron beam experiment and a

continuation of the theoretical studies that are required to support the experimental
effort.

1.2.4. lonospheric modification by ion and plasma beams

Our report reviews the experiments that have been conducted in space with
plasma beams (no experiments have been conducted with non-neutral jon beams)
and it details a number of opportunities for original research in the ionosphere, in-
cluding ionospheric modification, using both high and low 3 plasma beams. It is
pointed out that a plasima beam can be used to produce artificial plasma density
structures in the ionosphere in the same manner as electron beams, but with the

difference that the plasma beam structures can be created at higher altitudes. De-

velopment of a plasma source of higher power than those currently available in the
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U.8. is recommended for usc in high A3 plasma beam generators, which would have
application in ionospheric madification. Finally, a high @ plasmoid experiment is sug-
gested in which a high-powered laser is used to irradiate a pellet of ionizable material
cjected from the Space Shuttle, or other vehicle, thus converting it suddenly into &

fully-ionized plasma cloud.
1.2.5. lonospheric modification by X-ray and extreme ultra-violet (EUV) beams

This study includes an initial investigation of the possibility of using beams of
soft X-rays and extreme ultraviolet radiation for ionospheric modification. It was
prompted partly by the following two general advantages of photon beams for modi-
fication experiments: (1) Unlike beams of charged particles, photon beams propagate
through the ionosphere with little or no dependence on the geomagnetic field. Fur-
ther, (2) their usc for jonospheric modification avoids the potential difficuities -th
vehicle charging that the use of charged particle beams normally entail. More im yor-
tantly, in the present instance, the investigation was prompted by new d=-- 'opr. .
in the production and beam formation of soft X-rays/EUV 1% - tcently the
subject of research in Stanford University’s Ginzton Labor..ory and which suggest

the feasibility of space experiments.

Our investigation has shown that an X-ray/EUV beam generator with similar
characteristics to one already in use in the laboratory can produce columns of sub-
stantially enhaunced ionization in the ionosphere, and that, as a result of (1) wbove,
the colummns do not have to be field aligned. Although the enhancement of ionization
decays rapidly under most conditions, it may be detectable for times of the order
of minutes during the night at some altitudes. It should be noted that the soft X-
ray/EUV beam will not penetrate as deeply down through the lower ionosphere as will
a beam of relativistic electrons: the beam is absorbed, and its ionization is produced,
predominantly in the altitude range 90 140 k. Penetration below 80 ki would re-
quire X-rays with cnergies substantially greater than those that can be produced at

present by the technology we have studied.

Because the X-ray/EUV beam technique of ionospherie modilication appears to

be feasible without any further technical advances, but may be very greatly enhanced
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by further developinent, and beecanse of the other desirable features of X-ray/EUV
beams for ionospheric mod:acation that are detailed above, additional research on
the technique, leading up to a *proof-of-concept’ rocket experiment, appears to be

desirable and is recommended.

1.2.6. lonospheric modification by neutral gas releases from a rapidly moving

space vehicle

Our study of ncutral gas releases in the ionosphere draws attention to a new
process which is independent of the better known Critical Ionization Velocity (CIV)
effect and which could lead both to the generation of ELF/VLF waves and to electron
density fluctuations that could disturb the local ionosphere. The key to the initiation
of the process, which involves charge exchange, is release of the neutral gas from a
rapidiy moving vehicle such as the Space Shuttle. It is also important that the neutral
particles should be relatively heavy (compared with O%). Several recommendations of
additional theoretical and experimental work are made. First, and perhaps most im-
portant at this stage, we recommend that basic calculations be carried out in support
of the proposed charge exchange process. These calculations need to cover typical
gas releases and to take into account the various possible charge exchange rates for
different gases and the effects of cloud expansion. A second recommendation is for
a plasma simulation study of the process, preferably using one of the 3-dimensional
computer codes that are now available. Experimental recommendations include a
study of existing data obtained .during thruster firings on STS-3 and Spacelab-2.
("onsiderable optical and plasma data are immediately available for study and rapid
progress might be possible simply by analyzing these data. Finally, a Shuttle experi-
ment to test the concepts involved in the new process would be comparatively simple

and is recommended.
1.2.7. Conclusion

This study of new concepts in ionospheric modification has resulted in several
detailed suggestions for new experiments in addition to the suggestions we have made
for applications of the current low energy electron beam experiments to ionospheric

modification. Most of the recommendations involve particle or plioton beams, but




IR cdde i AR AR A Al i Sl Al Bl e Ao dl Rl Rs RAs Al Aly Afe Ak Mia i Ay Alx e 4oa Ale dhe Al B0n RS s A 20e 2 b d o B¥a A 0 2% B'ad 2 0 o b R 8" 0t LB .S LS R R A A8 o8 f,¢

7

an experiment to investigate a new charge exchange mechanism in a cloud of neutral
gas relcased froni a rapidly moving vehicle in the jonosphere is also described and
is recommended. Two of the suggested new experiments, one involving relativistic
clectron beams and the another beams of soft X-rays/EUV radiation, utilize new
technologies that have only been developed very recently and which have a potentiall y

very large payofl in terms of new effects that can be produced in the ionosphere and

in the new knowledge that will be gained.

1.3. References. ....-

Banks, P.M.,and B.E. Gilchrist, Artificial plasma density structures produced by
ciergetic electron beams from rockets and spacecraft, Geophys. Res. Letts., 12,

175-178, 1985.
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X 2. LOW ENERGY ELECTRON BEAMS
- )
ﬂ
T
*ﬂ
§ Recent rocket and space shuttle experiments have shown that it is possible to
L)
-~ .
¢ launch low energy (LI, < 10 keV) clectron beams of moderate power into the carth’s
ionosphere and magnetosphere. Such beams can create significant jonization in the
~y
:'5 E and low F regions of the ionosphere. Through proper selection of beam related
»
parameters, a variety of plasma density structures can be created, and studied over
a period of minutes [Banks and Ghichrist, 1985]. For example, as the spacccraft
=~ moves along its path, it should be possible to create a sheet-like density structure by
-
~ operating the electron gun continuously. or, by pulsing the gun, periodic structures
. . . . .
-t within the sheet could be created. In the following sections we consider the ionospheric
»
_-:_E: modification, electromagnetic wave scattering, and electromagnetic wave generation
Py that can be produced by a low energy clectron beam in the ionosphere. The two final
-
‘&

sections contain recommendations for [uture work and a list of references.

b R

2.1. Ionization 1’'rocess

A
e
2.1.1. Generation of lonizalion
-
&, When an clectron beam is launched, the number density of the beam, ng,. is

typically several times larger than that of the surrounding ambient plasma. As a
consequence, electrostatic forces cause the beam to expand. Intense electrostatic
waves resulting from beam-plasma interaction scatter the primary electrons as well
as the secondary clectrons created by impact ionization. The result of all this is a

evlindrically syimetrie beam with a broad range of pitch angles. The beam diameter

L O LR e

2&ED

is typically assumed to be twice the electron Larmor radius set by the electron energy

and the magnetic flield:

1
&

s

2
Do~ =t (2.1)
“"l'('

4 ‘ u.hif‘u-l

f L

where oy s the primary beam veloceity and we, is the electron gyrofrequency,
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If the spacecraft has a speed, vy, then the volume carved out hy the heam is
occupied for a time D/v,. It the kinetic energy i the beam flows at a rate P, then

the energy deposited in the carved out volume is

E:P? (2.2)

and the corresponding total number of collisions is given by I£/4 wherc 4 is the energy
per collision (35.5 eV). If the length of the volume carved out by the beam is L, then

. 2 ‘e S H
the volume is # D*L/4, and the number of collisions per unii volume is

E/~ P
= = 2.
"=ZD:L/i . Dyle, (23)

The duration of these ionization enhancements depends on the recombination
time. The initial ions undergo rapid reactions with the constituent of the neutral
upper atmosphere to give mostly NO*. This ion is then lost via a dissociative re-

combination of the form

NO* +e— N+0 (2.4)

The recombination rate ap gives rise to a decay time

| . 6
p = ~ 7.7 x 10 (2.5)
apne ne

where n¢ is in units of electrons/cm?,

liquation (2.3) is only approximate, since it does not account for the variation of
n with distance along the beam. A more accurate theory can be built on the result of
Crun [1957]. who showed that the energy lost per electron per unit length (kg/m?),

7. is given by

Fe (=
= 20\ = 9
R A ( 12) (26)

where I, is the ionizing electron’s initial energy, R is the range measured in units of

kg/m?. and \ is a universal function of =/ R. Grun showed that

R = 1.57 x 107%(E,/1000)"7® (2.7)




where E, is measured in electron volts. The number of collisions per unit length is

given by

Q
- 2.8
7/) (2.8)

where p is the density. On the other hand, the electron flux per square meter is given
by

1 D_ P

exD2v, _ eDuv,V (2.9)

where V is voltage.

If we multiply (2.8) by (2.9) and substitute (2.6), we obtain the number of ionizing
collisions per unit volume:

P
n= )\(z/R -R—‘;ITt';

If we define an effective range
Legs =

then (2.10) takes a form similar to (2.3):

_r
DyLegyus

Vs,

= Az/R) (2.12)

i
-

&
fat 3

» ""Ll'
v

Rees [1963] has given atmospheric parameters applicable to the theory. Using
(2.2), (2.5), and (2.12) it is possible to construct cu.v:s of ionization, n, versus height
as a function of time into afterglow. Results for 1 %eV and-5 keV beams are shown
in Figures 2.1 and 2.2, respectively. These figures clearly show how increased energy

increases the depth of penetration and produces an increasingly pronounced maximum

oo Wy

-' P

of the electron density with altitude,

{
8

b L

:

ol

If the beam is emitted continuously, a sheet of ionization will be created. On the
other hand, if a pulse is emitted, a picket fence pattern will be created, each picket

corresponding to a pulse. The picket fence pattern is particularly interesting, since
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Figure 2.1. Temporal variation of ionization densities produced in a uniform plasma
sheet by an 80 mA, 1 keV electron beam from a platform moving at 7 km/sec.
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it can give rise to Bragg diffraction phenomena due to the periodic structure of the

picket fence,

N4 N N . . .
e A variety of physical effects shonld be expected as result of a very localized ioniza-
"'

> tion event, Two examples of this are an outward pressure gradient clectrostatic field
e

with corresponding E x B drifts and the possibility of convective instabilities creating

A

their own spatial structure within the ionization shect. Also, because of the vertical
% extent of the lonization sheet, it is possible to provide enhanced coupling between

regions with differing ionic properties, such as collision frequency and gyrofrequency.

~ 2.2. Electromagnetic Scattering

N

;:: One of the principal potential applications of ionospheric enhancements is as a
: scatterer of high frequency electromagnetic waves. This process could therefore be
E:?.l used to remotely probe the affected altitude regimes for scientific purposes, as a re-
::::Z flection site for HF over-the-horizon (OTH) ground-based radar, or possibly for com-
i munication purposes by scattering signals back to the ground that would otherwise
o be lost through the ionosphere.

v

o) A variety of scattering mechanisms may occur depending on specific electron beam
L and ionospheric conditions. The simplest is scattering from a single, isolated, nearly
3 cylindrical scattering column resulting from a short pulse of the electron beam. For
E,:E: analysis purposes, this could be thought of as a dielectric medium or it can be treated
;\‘ similarly to the ionization resulting from a meteor trail after it has expanded due to
? . ambipolar diffusion. Scattering from a variety ol periodic spatial structures should
;: also be possible. These structures could result naturally from plasma instabilities
E:: from the electron beam's propagation through the plasma or from gradients within
f"' the resulting ionization enhancement region. Siinilarly, spatial structures could also

be created directly taking advantage of the spacecraft’s motion while pulsing the
clectron gun at the appropriate rate, creating a pickel fence sheet structure across
the sky. Finally, with sufficient jonization and persistence, completely incoherent

scatter effects may be measurable.
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2.2.1. Column Scattering

In gencral the strongest signal scattered by a column of plasma occurs for wave
vectors which lie in the plane perpendicular to the ionized column (and the coincident

magnetic field line) and in which lies also the wave vector of the incident signal,

The measure of the effectiveness of the column as a scatterer is its radar cross-
section. This cross-section is determined by solving for the radiation fields which are
generated when a plasma column is irradiated by an incident plane wave. This is
done by solving simultaneously the plasma equations in conjunction with Maxwell’s

equations.

An excellent source of material on scattering phenomena is given in the Radar
Cross Section Handbook [Ruck et al., 1970]. Under most circumstances the plasma
can be described by a dielectric tensor analogously to that for a dielectric medium. .
When the plasma is subject to a magnetic field, the plasma is represented as an
anisotropic dielectric.and the tensor becomes very complicated. Formulas for the

plasma dielectric tensor may be found in Ruck et al. [1970].

Tang [1966] has considered the problem of scattering from a plasma column in the
absence of magnetic field using an isotropic pressure term. General expressions for the
cross-section for both polarizations are given, including the effects of the excitation
of longitudinal oscillations. Gildenburg and Kondrat’ev [1965] studied the plasma

cylinder using the hydromagnetic approximation.

An extensive set of scattering curves for plasma cylinders, which have electron
density profiles expressed as polynomials, have been calculated by Ridder and Peter-
son [1962] and Ridder and Edelberg [1964). The Born approximation has been used
by Midzuno [1961] and Ruquist [1964] to calculate the cross section of an electron
density distribution, which is arbitrary except for the requirement that the plasma

frequency must be much less than the radar frequency.

Axial variations of the permittivity make the variation of the scattered field three
dimensional. Brysk [1958] has used the Born approximation to compute the scattering

for low density meteor trails with axially varying permittivity.
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The most interesting and pertinent cases studied are those which include a mag-
netic field and the corresponding anisotropic plasma dielectric tensor. The homoge-
neous plasma cylinder in the presense of & uniform axial magnetic field was studied by
Wait [1961], Platzman and Ozaki [1960), and Adachi[1962). Messaien and Vandenplas
[1962] found good agreement between theory and experiment for these cases. Wait
[1961] also presented solutions for the inhorhogencous plasma case by considering a
plasma cylinder consisting of concentric layers with uifferent properties. Messaien
and Vandenplas [1966] have studied the existence of a scattered E; field which exists

even for normal incidence. Dnestrovskiy and Kostomarov [1963] considered a plasma

with a diffuse boundary.

Crawford and Harker [1983) considered the nonlinear scattering from such plasma
beams. Nonlinear scattering can occcur when two separate electromagnetic waves mix

in the ionized region, or when a single beam in the ionized region is strong enough to

generate harmonics of itself.

When the incident wave has a frequency less than that of the peak plasma fre-
quency (the overdense case), interesting resonance phenomena may arise. These
correspond to internal resonances of the plasma column itself. The most well known
of these is the dipole resonance, which occurs at wy/v/2 [Crawford et al., 1963). There
are, in fact, an infinite series of these resonances, and they are often referred to as
the Tonks-Dattner resonances [Parker et al., 1964).

It may be possible to observe these resonances in scattering experiments with

artificial auroras, in which case they would appear as greatly enhanced signals at

selected frequencies.

Herlofson [1951] studied the problem of plasma column resonance, and described
the dipole resonance. Fejer [1964] considered temperature effects, and showed that a
series of resonances occurred near w = wy. Parker et al. [1964] and Crawford [1963]

observed these resonances experimentally and explained them on the basis of plasma

pressure theory.
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2.2,2, Sheet Scattering

A unique feature of heam particle induced ionization enhancements is the ge-
ometry of the ionization region that is created. Because of the relatively narrow
diameter of the clectron beam and the motion of the spacccraft platform, the result-
ing ionization enhancement traces out sheets of ionization. The sheet description is
particularly appropriate when the extended nature of ionization along the magnetic
field is considered. This ionization geometry is in contrast to other ionospheric mod-
ification techniques, such as Barium chemical release whosc initial localized spherical
shape only allows for limited extension along the magnetic field or HF heating, which
affects a volume of considerable extent. Naturally occuring ionospheric modification
such as sporadic-E or aurora, except for single meteor trail events, typically occur

over regions of considerable volume.

Another unique feature of beam particle ionization enhancement is the fact that
a picket fence type of structure can be created within the sheet of ionization by
pulsing the beam source as the spacecraft moves (see Figure 2.3). This is particularly
interesting, since it will give rise to Bragg diffraction phenomena due to the periodic
structure of the picket fence that can enhance the scattering process due to coherent
addition. The optimal spatial wavelength or diffraction grating spacing will be such
that the largest peak to minima ionization is created. This occurs when the beam
is operated with a 50% duty cycle and the on time is such that it allows the beam

source to move a distance exactly equal to its beam diameter.

Complex viewing geometries are possible depending on the motion of the space-
craft. In particular, we show the geometry associated with a recent rocket expetiment,
CHARGE-2, flown at White Sands Missile Range Figure 2.4 shows a computer sim-
ulation of the rocket trajectory and portions of the sheet ionization regions created.
As can be seen, because of the rocket’s trajectory and the given orientation of the
earth’s magnetic field, the ionization sheet will trace out a complex pattern. Also

shown in the figure are ground contours of aspect angle for a specific location along

the ionization sheet.
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Figure 2.3. Schematic diagram showing the crez.ion of a ‘picket fence’ of compar-
atively highly ionized columns in the jonospherc by the emission of a periodically
pulsed electron beam from a moving source. The electron beam is directed along ihe
earth’s magnetic field B and each column is produced by one of the pulses in the
beam.
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= Figure 2.4. Computer simulation of 1onosphemc modification region for Charge-2
= rocket electron beam experiment. Contours in foregtound represent aspect angles for
“:‘-;:: a particular location within ionization region assuming linc-of-sight propagation.
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A variety of radio experime.ts taking advantage of the nnique geornet-y of the
ionization enhancement as well as the periodic striations occuring within the sheet
structure should be possible. The spatial wavelengths associated with optimal picket.
fence structure should be in the NIF wavelength regime of 60 to 10 meters, while
instability structures may extend to shorter wavelengths in the VHF range. The
artificial diffraction screen structure could be used to provide coherent scattering
in both the forward and backward directions. This structure should be sensitive

to changes along the magnctic field line occuring over dimensions of a Fresnel zone

providing a method of observing temporal variations.

2.3. Generation of Electromagnetic Waves

Beam injection experiments can tell us a great deal about the space environment,

but probably one of the most interesting aspects is the generation of plasma waves

-

-:‘ by the electron beam in the presence of the background plasma. By monitoring these

,‘;E-;: plasma wave emissions, such as with the PDP on the Shuttle, we can learn much

bl 1
ﬁ about the interaction processes that take place in the beam-plasma system.

::f' Another important potential use of the electron beam in space is its role as an an- ‘
L 0N <
N tenna, i.e., as a generator of electromagnetic waves for communication purposes. The :
-—

availability of an antenna which uses no wires, but only a modulated beam of elec-

g A

1
v

=3 trons in space, offers great potential advantages. Chief among these are long length
:{;} and thus higher radiation resistance, important for the generation of low frequency
(N o . .
<, waves, and the elimination of metallic ohmic losses.
@
4
:f,.t\‘ 2.8.1. Past Work
ih
=
:{ ': A number of systematic investigations have been conducted over recent year: into
. the generation of electromagnetic waves by the passage of a pulscd electron beam
~h
"".:e; through a magnetized plasma. This has been motivated, of course, by numerous
’_{E:: experiments and the applications which have been mentioned above. Using a simple
e,

model for a pulsed electron beam, it has been possible to obtain a number of important

predictions concerning the nature and characteristics of the fields generated.
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Basically, there are-three main radiation mechanisms that can cause emissions
from an electron beam: incoherent spentaneous emission, coherent spontaneous emis-

sion, and stimulated emission.

In incoherent spontancous emission all the electrons radiate independently of one
another, giving rise to a radiated power proportional to the number of radiating par-
ticles. A number of authors have studied this phenomena in relation to either natural
or artificial beams. Their general conclusion has been that incoherent spontaneous
emission is not strong enough to give significant radiation from an electron beam of

the type currently injected into space from orbiting vehicles.

In coherent spontaneous emission each particle still emits by spontaneous emis-
sion, but now the particles are constrained to travel in orbits which force all velocities
at each particular position in space to be alike, leading thereby to coherent emission.
For a charged particle traversing a magnetoplasma this velocity correlation comes
from the fact that all the particles originate from approximately the same region of
space and then are constrained to flow along the path of a helix. However, as the beam
length increases, these correlations tend to average. If the beam were to remain con-
tinuous and become very long, the resulting interference would reduce the coherency
to zero. The beam must therefore be broken into segments of the proper length and
spacing. This leads to the second criterion for coherent spontaneous emission, namely

beam modulation and beam fronts.

In stimulated emission the beam in the presense of the background plasma be-
comes unstable with respect to wave growth. As opposed to spontaneous emission,
emissions are here stimulated by the presense of the wave itself. Since the probability
of emission is proportional to the wave strength, the growth rate (in either time or

space) is exponential.

Since stimulated emission is not dependent on beam fronts, and hence on modula-
tion, most work on pulsed beams has concentrated on cuherent spontaneous emission,
since the associated coherency gives rise to the required signal strength, and the pulsed

character of the beam satisfies its unique requirement for the presense of fronts.
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2.3.2. Coherent Spontaneous Emission

a. Radiation from beams with a finite pulse train

Harker and Banks [1984a] studied the radiation from a finite pulse train electron
beam. The radiation from a single particle traveling through free space permeated
by & inagnetic field was considered first by these authors. This was later genetalized
to the multiple pulse case. Finally the complete theoretical treatment to describe the
radiation field of a finite pulse train of electrons traveling through a space plasma
was presented. In order to simplify the theory, the beam length was assumed to be
unbounded, i.e. it was assumed to extend from z=-c0 to co. Detailed numerical stud-
ies were made of the radiation from the lower hybrid to electron cyclotron frequency.
Beam voltages considered were 100V, 1 KeV, and 10 KeV, while the beam current
and pitch angle were taken as 100 mA and 30°, respectively. The 1 KeV beam voltage
was chosen to simulate the FPEG electron gun used in the STS-3 Space Shuttle flight.
The theory showed that the power radiated per unit solid angle per pulse typically
lies in the vicinity of the free space value of 1mW /sr. There is a great variation with
angle and frequency, and for certain angles and frequencies it 1s not uncommon to find
radiated powers per unit solid angle of the order of 1 W/sr. In addition, singularities
in the power distribution functions, up to three in aumber, were observed to occur; it
was recommended that the conditions corresponding to these singular points should

be studied in experiments, since they have the likeliest probability of detection.

This study showed that the successful use of electron beams as radiators and
antennas relies on their use at selected frequencies, observation angles, beam duty

cycles, beam modulation frequencies, and pitch angles.
b. Radiation from long pulse train beams

Recent experiments have reported the emission of electromagnetic radiation at
the modulation frequency of the electron beam when that frequency was in the VLF
range. In experiments on STS-3 [Neupert et al., 1982; Banks et al., 1983, 1984;
Shawhan et al., 1984] modulation of the beam at 3.1 and 4.8 kHz produced emissions

at these frequencies and also at their harmonics up to the maximum observation
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frequency of 30 kHz. Pulse trains typically contained 32,768 pulses. Experiments with
modulated beams were also carried out on the SEPAC experiment on board Spacelab-

1 in November and December 1983 [Obayashi et al., 1982; Taylor and Obayashi, 1984).

Harker and Banks [1985] next extended their theory to cover these latest exper-
iments. First, because of the relatively large number of pulses, they extended their
theory to cover infinite pulse trains. Second, because most of the observations have
been at frequencies in the range 1-30 kHz, they extended their numerical results to
cover the region below the lower hybrid frequency. Third, they made the more real-
istic assumption that the beam extends only from z = 0 (the gun position) outward,
instead of from -co to +oc. Finally, they introduced the assumption that the ability
of the beam to radiate, for whatever reason, falls off exponentially with distance. The
e-folding distance for this fall-off is a parameter which must be determined from more
detailed theories or from experiments. They first derived general results, and then
used these to specialize the theory to two cases, the long and short beam, in order to

gain as much simplification as possible.

Calculations to determine the radiated power based on the theory were carried
out for a range of parameters. One sets of computations was made for a voltage of
1000V, a current of 100 mA and a pitch angle of 30° for comparison with the results
of the STS-3 mission with the FPEG. Another set of computations were made for a

voltage of 7500V, a current of 1.6A, and a pitch angle of 45°. In all cases results were

presented for Cerenkov and normal and anomalous cyclotron radiation.

In their theory for finite pulse train beams, after carrying out the mathematical
simplification for the radiated power resulting from contour integrations, they were
generally left with two integration variables. When the beam is infinitely long, an
additional restraint is imposed in the form of the wave-particle interaction condition, |
which reduces the number of integration variables to one. This was the case discussed
in the finite pulse train paper, where the power distribution function was chosen
successively to be a function of the frequency, propagation angle, and ray vector

angle.

In the present case, the beam is an unbounded pulse train. This introduces a
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new restraint, namely that the frequency is an integral multiple of the modulation
frequency, which again reduces the number of integration variables to one. When the
beam is long, the wave-particle condition is again imposed, reducing the number of
integrations variables to zero, and yielding a single angle for each modulation fre-
quency. This is another way of saying that all of the power has been concentrated
into radiation at a single polar angle, i.e. within those angles lying on a thin con-
ical surface. Of course, this angle still varies with the system parameters, such as

frequency and pitch angle.

Other authors have also discussed radiation from pulsed electron beams for the
special case where the beam is modulated in a spatially sinusoidal manner and is in
parallel flow along the magnetic field axis, giving rise thereby to Cerenkov radiation.
Lavergnat and Lehner [1984] calculated the total power radiated by a beam extending
from z = 0 to z = vt, while Ohnuki and Adachi [1984] calculated the far-field in
cylindrical coordinates emitted by an infinitely long beam. More recently, Lavergnat
et al. [1984] have reported results for radiation from a sinusoidally modulated beam

ejected at an angle to the magnetic field.
c. Near fields in the vicinity of pulsed electron beams in space

One shortcoming of the above work was that it was valid for the far field only.
This means that if the beam has a length I, then the theory is only valid for distances
from the beam greater than a factor of three of more times l. Since most of the
measurements on electron beams in space have been taken within 10 m or so of the
electron beam generator, it is clear that further work was needed to be done on the

near fields generated in the vicinity of pulsed electron beams.

In order to remedy this situation, Harker and Banks [1984b,1986] studied the near
fields generated by a pulsed electron beam. Their model, as in our previous studies,
assumes that the electrons follow an idealized helical path through the space plasma.
The total radiation is obtained, again as above, by adding coherently the radiation
from each individual electron in the helix, leading thereby to coherent spontancous
emission. The mathematical technique used consists of taking the Fourier transforms

in space and time of Maxwell’s equations, including the modulated beam current
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terms which act as the driving mechanism for the interaction. The solution is theh
obtained by taking the inverse transforms to obtain the electric field as a function of
the spatial coordinates. An important feature of the theory is the retention of evanes-
cent waves in addition to the propagating waves used in the far field theory. This
gives rise to contributions to the field strengths in frequency stop bands of far field
theory. Field strengths calculated by the theory were calculated for a representative
set of values of ionospheric parameters and electron beam current, voltage, and pitch
angle and for a range of modulation frequencies extending from the ion to the electron
cyclotron frequency. These predictions were found to be in essential agreement with

the most recently available experimental data.

2.4. Recommendations for Further Work

2.4.1. Theoretical Work

There are four basic theoretical areas associated with electron beam induced jono-
spheric modification: beam launching and propagation, ithpact ionization processes,
electromagnetic scattering and stimulation, and.enhancement decay. All of these,
either as part of this or earlier studies, have undergone at least preliminary evalua-
tions. We would make the recommendation that at least two of these areas be pursued

further in greater detail.

Beam Launching and Propagation. Conditions for proper beam launching and
propagation continue to be an area of active theoretical and experimental interest in
general. Conditions to achieve the launch of a well defined energy electron beam are
not completely known, in particular for high current beam sources. We recommend
that these issues be studied and organized in such a way that they could be properly

tested on future electron beam experiments.

Electromagnetic Scattering and Stimulation. RF scattering and optical stimu-
lation are the two most obviou. ways of remotely detecting electron beam induced

ionospheric enhancements. Optical observation techniques have been utilized exten-

sively for many years now. This is not the situation for electromagnetic scattering.
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There are a variety of possible electromagnetic scattering mechanisms affecting both
forward and back scatter. These include Bragg scattering from an artificially gener-
ated spatial structure (picket fence), acoustic wave scatter from instabilities generated
by gradients within the enhancement regions or by current diffusion parallel to B, pos-

sibly scintillation effects, and finally simple incoherent scatter mechanisms.

We therefore recommend that detailed calculations be made on the possible scat-
tering mechanisms discussed above based on electromagnetic and plasma theory. Ex-
isting theory covering plasma columns should be of help in much of this, but the

multiple column and resonance enhanced scattering cases will undoubtedly require

new theory.

2.4.2. Exzperimental Work

An upcoming high power electron beam rocket experiment, called CHARGE-3, to
be flown in November 1988 at White Sands Missile Range (WSMR), represents a for-
tuitous opportunity to investigate ionospheric modification using existing resources.
We therefore make the recommendation that a limited campaign be undertaken to
prepare and conduct remote radar and optical observations as part of the CHARGE-
3 mission. The purpose of this effort would specifically be to detect the presence of
electron beam generated ionospheric modification and of increasing the knowledge
base for beam propagation physics plus the dynamics of the modified region. There

are several reasons why we believe this is appropriate to consider at this time:

(1) It would be an efficient use of existing hardware on an existing mission to give
information of the important processes associated with electron beam ionospheric
modification. By taking advantage of the CHARGE-3 mission to detect the presence
of beam generated ionospheric enhancements, we substantially reduce the cost and
turn-aronnd time that otherwise would be required for a separate effort. Note that
AFGL is already contributing to the funding of CHARGE-3.

(2) CHARGE-3 will have the first low energy electron beam source of significant
power (10-15 kW) to be flown on a spacecraft since the electron beam modification

concepts first outlined by Banks and Gilchrist [1985]. The 10-15 kW power of the
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CHARGE-3 gun should allow for peak ionization levels approaching 106 cm™3, some
two orders of magnitude over expected background ionization levels in the night-
time E-region. Earlier attempts, during 1985 (Spacelab-2 and CHARGE-2), used low
power (< 100 W) beam sources to attempt detection of ionosphesic modification. Nei-
ther effort was able to.conclusively observe an effect, although it had been calculated
that the CHARGE-2 flight, under the proper conditions, had a good probability of
success. Unfortunately, the beam source on CHARGE-2 failed to achieve its intended

power levels nor was all of the proper ground equipment available for the flight.

(3) Much of the computer programming and logistics planning for CHARGE-
2 can be directly utilized in the CHARGE-3 mission, which will help the mission
and logistics planning efforts for the latter mission. The computer software now
available includes several programs to select both optical and radar ground sites.
Having conducted observations as part of CHARGE-2, we are now familiar with the
resources available at WSMR and the geography of southwest Texas where ground
radar facilities are most likely to be placed.

Finally, (4), the CHARGE-3 mission is still sufficiently in the future that anal-
ysis efforts conducted as outlined above for theoretical work should be available to

contribute to CHARGE-3 remote observations efforts.

2.5. Summary

2.5.1. Artificial Auroral lonization

Important ionization enhancement effects in the E and lower F regions, such as
the creation of artificial aurora and picket fence type ionization structures, appear
possible using low energy electron beams (1-10 keV). These structures are predicted to
persist over a period of minutes. The 1 to 10 keV range of beam energy is necessary to
produce the principal (pcak) ionization enhancement in this altitude regime and offers
the advantage of longer persistence when compared to lower altitudes penctrated by
higher cnergy beams because of slower recombination or diffusion rates. The principal
area of concern for this energy level of electron beam is in establishing conditions for

which the beam will propagate, over extended distances, as a narrow (focused) column
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structure.

It should be possible to use the created ionization structures as scatterers of
electromagnetic waves. This process could therefore be used to remotely probe these
altitude regions for a variety of scientific purposes, as a reflection site for HF over-the-
horizon ground based radar, or possibly for communication purposes by scattering
back to the ground signals which would otherwise be lost through the ionosphere. It
should further be possible to enhance these scattering effects at specific frequencies

by resonance scattering phenomena long known in plasma physics.
2.5.2. Generation of Electromagnetic Waves.

Pulsed electron beams can be used to generate electromagnetic waves by the pro-
cess of coherent spontaneous emission, among others. We should, therefore, be able
to use the electron beam as a non-wire antenna for the generation of electromagnetic
waves for communication purposes, for example. The long length of such an antenna
can only be rivaled by a device such as the electrodynamic tether. Since the radiation
resistance varies as the square of antenna length, and since this type of antenna has

no metallic ohmic losses, electron beam antennas should be increasingly useful at

lower frequencies.
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3. MODERATELY ENERGETIC ELECTRON BEAMS

By this we mean beams of electrons with energies in the range 10-500 keV, The
upper limit of this range corresponds roughly to the electron rest mass, so- it is a

‘ransition value above which relativistic effects are important.,

3.1. Previous-Space Experiments

Table 1 on page 93 contains a list of the space experiments performed during the
past decade (during or after 1975) with artificial electron beams at energies of 10
keV or more. The highest energy reported was 40 keV; we have found no published
accounts of any work at higher energies. The successive rows of the table refer to
the different experiments, in chronological order. The successive columns contain:
(1) the title of the experiment; (2) the date on which it was performed (or dates, if
the experiment involved more than one rocket); (3) the range of altitude over which
the electron beam was emitted, or the apogee altitude if this range is not given in
the published literature; (4) the energy of the electron beam (in some experiments
more than one energy was used, or the energy was varied continuously over a certain
range); (5) beam current (often the beam was pulsed or otherwise modulated, and
the figure quoted is the peak current). This list is not guaranteed complete, but it
is certainly representative. Lists of the space electron beam experiments in the years

preceding 1975 may be found in two review papers by Winckler [1980, 1982].

In all of these experiments the vehicle was a rocket. Though electron beam
experiments have also been performed on satellites and on the Space Shuttle, the

beam energies have so far always been less than 10 keV.

In none of these experiments was modification of the ionosphere a prime scientific
objective, but in some of them it was a mcans to other ends. Thus, for instance,
in the Franco-Soviet ‘Araks’ experiments [Cambou, 1980), the rockets were launched
from the Kerguclen Islands in the southern hemisphere, and the ionization produced
by the beam in the lower ionosphere at the magnetically conjugate point in the

northern hemisphere was Lhe basic for localization of this point by radar [Pyatsi and
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Zarnitsky, 1980 Uspensky ¢t al,, 1980]). Others, such as the Norwegian ‘Polar 5'
[Grandal, 1982] and ‘Electron 2’ experiments [Jacobsen cf al., 1981), were designed to
study ionospheric perturbations produced involuntarily, as results of a heam-plasma
discharge (BPD) excited by an clectron beam emitted from a rocket. In contrast, the
original objectives of the University of Minnesota ‘Echo’ series of experiments were
to use electron beams for investigating heam-plasma interactions and for probing
the distant magnetosphere |Winckler, 1980, 1982; Winekler ¢t al., 1984); for these
purposes, the perturbations of the ambient plasma and accompanying perturbations

of the electron beam itself were of nuisance value only.

Thus very few of the previous space experiments with electron beams at cnergies
of 10 keV or higher were performed with the deliberate intention of modifying the
ionosphere, but nevertheless the data that they have yielded are useful when studying
the possibilities for doing so. In this respect, of course, the energy of 10 keV has no

special physical significance, and data from experiments at lower energies are helpful

as well.

2. Electron Beam Sources

Winckler [1982] has briefly surveyed progress up to 1980 in the development of
electron beam sources for use in space experiments. This effort drew on a knowledge
base from the development of powerful electron guns for industrial applications, as
in X-ray tubes, or in klystrons and other types of radio-frequency (RF) vacuum tube,
or for welding metals under vacuum. In its simplest form, of which the Pierce (1954)
design is the post-war prototype, an electron gun comprises a hot cathode that emits
clectrons, and a set of snitably biased electrodes creating strong clectric fields to ac-
celerate, focus, and possibly deflect them. Other electrodes may be used to modulate
the beam, and magnetic ficlds may also be used for focusing and dellection. All the
clectron guns so far used in space have been of this variety: the highest energy used
was about 40 keV, as mentioned earlier. In the laboratory, electron guns have been

built for energies up to several MeV: higher energies require ‘nduction accelerators
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such as betatrons, or RF accelerators such as synchrotrons or linacs, In space, be-
cause of the greater difficulty of preventing flash-over, the upper limit of the energy
obtainable from straightforward electron guns is probably smaller, but no basis exists

for giving a precise figure,

3.3. Ionospheric Effects of Electron Beams

2.8.1. Classification

Our mandate is to examine the perspectives for using clectron beams to achieve
ionospheric modification, which we take in a broad sense to mean effects making
appreciable changes in the properties of the ionospheric plasma. Other accompanying
effects, such as charging of the vehicle, changes in the properties of the beam, and
generation of waves in the plasma, are of interest here only insofar as they relate to

this main theme.

For presentation, we may classify the relevant ionospheric effects into those in-
volving direct interaction of the beam with the ambient plasma alone (beam-plasma
instability), those involving interaction of the beam with the neutral gas through
the intermediary of the plasma (beam-plasma discharge), and those involving direct

interaction between the beam and the neutral gas (collisional ionization).
3.3.2. Beam-plasma instability

In theory, a mono-energetic electron beam traveling through a fully ionized ther-
mal plasma becomes unstable as soon as the velocity of the beam exceeds the charac-
teristic thermal velocity of the plasma electrons. The unstable waves are electrostatic
in nature, or alternatively, when a magnetic field is present, they may be electromag-

netic waves in their guasi-clectrostatic limit.

These statements refer to cases where the electron densities of the beam and of
the plasma are comparable; in addition, they imply a beam much wider than all of
the microscopic plasma scale lengths, and also much wider than the wavelengths of

the unstable plasma waves. However, a beam from an clectron gun on a spacecraft is
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unlikely to satisfy the iatter incquality. Generally speaking, narrow beams are more

stable than wide ones, because the unstable waves may propagate out of the beam

Y il (N

before they have been able to grow very much [Jones and Kellogg, 1973).

When an electron gun is operated on a spacecraft, plasma waves may be excited

[ SR

not only by the outgoing electron beam, but also by the return current of thermal

¥

electrons trom the ambient plasma. Their motion relative to the ions in the plasma
can excite both ion acoustic waves and ion cyclotron waves. Under most conditions
prevailing in the ionosphere, the ion cyclotron waves are the more unstable, i.e., the
threshold current density required to excite them is less than it is for ion acoustic
waves [Nindel and Kennel, 1971]. In the collisional bottomside ionosphere, electron

collisions help to destabilize ion cyclotron waves, contrary to what one might expect

PRYIS AN : RENWYNY

[Satyanarayana et al., 1985].

Since the beam and the return current are both constrained to follow the magnetic
field lines, in most previous experiments they occupied overlapping regions of space,
so their respective effects were liable to interact with one another. This difficulty can
be overcome in experiments in which two separate payloads are connected together
electrically by a ‘tether’ in the form of a conducting wire coated with an insulating |
material. Several rocket experiments with tethered sub-payloads have already been
performed [Sasaki et al., 1936a}, and extensive plans have been made for similar |

experiments on the Space Shuttle [Banks et al., 1981]. 1
l

FREFELIMV I RUGIT U RERRLU B

Besides the experiments in space, many laboratory experiments on beam-plasma
instability have been performed. In a very significant recent experiment by Okuda
et al. [1985], an electron beam was injected into a magnetized plasma, along the

direction of the magnetic field, with a velocity about 10 times the thermal velocity

N PN

of the plasma electrons. The electron concentration in the beam was about 10% of

= that in the plasma, and a strong beam-plasma instability developed. The resulting
::. nonlinear electron plasma waves reacted back on the electron population, accelerating
- appreciable amounts of beam and plasma electrons to velocities well above the initial
- beam velocity. With increasing distance along the beam, the parallel electron velocity
j distribution evolved rapidly into a smooth one extending from zero up to 1.5-2 times
:
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the initial beam velocity. Over this entire range it had a negative slope, which meant
that the beam had become stable. Thesc phenomena were reproduced subsequently
in numerical simulations, which showed that trapping of the electrons by the waves
played an important role in the nonlinear development of the beam-plasma instability
[Okuda et al., 1987). One reason why these particular experiments were so successful
is that the initial beam velocity was not excessively large compared with the thermal
velocity, so the electron distribution function was able to evolve to its final stable

form within the dimensions of the apparatus.

Contrariwise, most space experiments have involved initial beam velocities several
orders of magritude greater than thermal velocity, and plasmas much less dense than
those commonly used in laboratory experiments. In these circumstances, the beam-
plasma instability and its accompanying phenomena evolve over very much greater
distances, though their natures are almost certainly the same. In particular, the
evolution to a stable velocity distribution, as observed in the labo:atory, may help to
explain how electron beams are able to travel over long distances in space without

losing all their energy to unstable waves and being brought to a halt.

Observations made in the ionospheric plasma near to an artificial electron beam
have revealed a wide variety of electrostatic and electromagnetic plasma waves cre-
ated by beam-plasma instabilities (BPI), extending in frequency from a few kilohertz
to well above the local plasma frequency, and including lower-hybrid and whistler-
mode waves, electron cyclotron harmonics, and plasma frequency and upper-hybrid
emissions. Absorption of these waves can cause appreciable heating of the plasma
electrons, up to energies of several electron-volts, and out to distances of more than a
hundred metres from the beam [ Winckler et al., 1986); close to the beam, electrons of
higher energies are observed, but here, of course, it is difficult to distinguish heated
plasma electrons from beamn electrons that have been degraded in energy and have

diffused outwards from the beam under the influence of the strongly nonlinear plasma

waves, This plasma heating is the principal ionospheric modification caused by arti-
ficial energetic electron beams at altitudes above about 200 kin, where interactions

with the neutral atmospheric gas are negligible.
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3.3.3. Beam-plasma discharge

At lower altitudes, heam-plasina interactions modify the ionosphere to a much
greater extent, because the energetic electrons in and around the beam collide with
the atoms and molecules of the neutral atmospheric gases, exciting and ionizing
them. The resulting increase in the local electron concentration generally intensi-
fies the beam-plasma instabilities that are supplying the energetic electrons, so there
is positive feedback from the ionization process to the BPI. If, for a given energy
of the beam electrons, the current in the beam is increased progressively, the rate
of production of ionization increases faster than the current. Then, when a critical
threshold current is attained, the ionization rate jumps discontinuously to a higher
level, and so do the electron concentration and the luminous emission from excited
neutral atoms. This is the onset of ‘beam-plasma discharge’ (BPD), a phenomenon
that has been studied extensively both in space and in the laboratory. The laboratory
experiments have included pre-flight tests of equipment later used in space [Banks et
al., 1982; Kawashima, 1983]; these particular experiments were at energies below 10
keV, however. In at least one space experiment, the increase in ionospheric electron
concentration due to BPD was sufficient to allow the cloud of dense ionization around

the beam to be detected by radar from the ground [Cambou, 1975).

Both the laboratory and the space experiments app=ar to confirm theoretical
predictions that the critical current for the onset of BPD is directly proportional to the
3/2 power of the energy of the electrons in the beam, and inversely propertional to the
neutral gas pressure [Bernstein et al., 1979; Ingspy and Friedrich, 1983; Papadopoulos,
1981].

3.3.4. Collisional ionization

Even in the absence of BPI or BPD, the energetic electrons in the beam can
excite and ionize neutral gas particles by colliding with them. Obviously the most
favorable conditions for collisional excitation and ionization cxist when the beam
descends from space into the atmosphere, encountering neutral gas at ever-increasing

densities as its altitude deercases. These conditions were created by the very first
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space experiment with a rocket-borne electron gun, in which a 20 keV 0.5 A beam was
directed downwards, and produced a streak of artificial auroral light in the altitude
range 90-100 km [Hess et al., 197!]. In a later experiment by the same group, a
similar beam was directed upwards and the auroral light streak was observed at the
magnetically conjugate point [Davis et al., 1980]. A few years later again, in the Araks
experiments at a higher magnetic latitude, ionization produced at the eonjugate point
was observed by radar [Pyatst and Zarnitsky, 1980]. Rough estimates of the extent of
the ionization ‘sheets’ produced during the experiments give 2° of longitude (rocket

motion in East-West direction) and 0.5° of latitude (rocket motion in North-South

direction).

For the purpose of producing extra ionization in the D region (50-85 km) and E
region (85-140 km) of the ionosphere, electron beams in the nergy range 10-500 keV
are not qualitatively different from beams with lower or higher energies. Indeed there
is some quantitative equivalence, because the energy tequired to produce an electron-
ion pair is approximately 35 eV, regardless of the energy of the beam electrons so
long as this exceeds 500 eV or so [Banks and Kockarts, 1973]. Hence, at the energies
that we are concerned with here, the total rate of production of electron-ion pairs is
directly proportional, by a constant factor independent of energy, to the total power

of the el:ctron beam.

However, changing the energy of the beam, or its angle with respect to the mag-
netic field (‘pitch angle’), does change the way in which the rate of production varies
with altitude. Electron beams with higher energies or smaller pitch angles penetrate
to lower altitudes, and create a greater proportion of their ionization at these al-
titudes. Graphs of ionization production versus altitude, for downcoming electrons
with energies up to 300 keV, have been given by Banks and Kockarts [1973); at zero
pitch angle, the altitude of maximum production varies from 105 km at 10 keV to 70
km at 300 keV.

3.4. Possible Future Experiments

Recapitulating, electron beams in the cnergy range 10-500 keV can modify the
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ionosphere by heating the plasma or by producing new ionization. Heating can occur
at all altitudes as the result of beain-plasma instability, if the conditions for the latter
are met. The production of new ionization, however, requires an adequate neutral
gas pressure, which is found only below about 200 km. Around the beam near to its
source, both plasma heating and the production of new ionization are favored by the
occurrence of beam-plasma discharge, again if the appropriate conditions are met.
Under the influence of BPI, with or without BPD, the velocity distribution of the
beam evolves towards a stable form. Whether this form is attained or not, the beam
electrons can still collide with the neutral particles and produce appreciable amounts
of new ionization in the E region, and even down into the D region if their energy is

sufficient.

Much space and laboratory experimentation has already been done on these top-
ics, so original experiments on them are hard to suggest. Despite all previous work,
however, the ionospheric modifications accompanying BPI and BPD are still imper-
fectly understood. In space experimentation, at least two factors have contributed
to this state of affairs: one is that most experiments have been performed at beam
encrgies above 1 keV, where the spatial scales of such phenomena as the evolution of
the beam velocity distribution are so large that they are hard to explore effectively in
a single experiment; the other is that the beam current and the return current flowed
in the same rcgion of space. It would seem, therefore, that there is still scope for
significant experiments at much lower beamm energies, from a few eV upwards, using a
remote tethered sub-payload to collect the return current; an alternative to the latter
would be to eject, into a different region of space, a positive ion beam carrying a

current equal and opposite to that of the electron beam.

Electron beams in the energy range 10-500 keV can be used for experiments
involving the creation of artificial plasma density structures capable of scattering

waves from ground-based radars, as proposed by Banks and Gilchrist [1985].
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3.5. Summary of Proposed Experiments

3.5.1. Investigation of BPI and BPD

Experiments similar to those performed previously in space, but w'th arrange-

ments made to spatially separate the beam from the return current.

3.5.2. Artificial Plasma Density Structures

Creation as in the proposal by Banks and Gilchrist [1985).
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4. RELATIVISTIC ELECTRON BEAMS

4.1. Introduction

Previous experiments with electron beams in space have been limited by practical
considerations to relatively low particle energies: To the best of our knowledge the
maximum electron energy yet used in a conventional space experiment is of the order
of 40 keV. The motivation for the present study has come from a realization that linac
electron accelerators have reached a state of techhology permitting relatively small
units to be mounted in payloads suitable for research rockets and/or the Space Shuttle.
Thus, it is now worth considering the full range of consequences of using such a beam
for a variety of purposes, including the creating of plasma density irregularities in the

lower ionosphere and the probing of electrodynamic regions of the middle atmosphere.

In the following sections we describe the pessible consequences of operating a
moderately powerful (~ 5 MW), relativistic (~ 5 MeV) electron accelerator from a
satellite or rocket platform. In such an experiment, a beam of relativistic electrons
fired downwards from space will create, by means of electron impact ionization, an
ionized column whose length and cross sectional area will be set by electron energy
loss and scattering. As discussed later, owing to the relatively small cross section
for electron interaction with matter at relativistic energies, a single pulse from such
a beam will penetrate to the lower mesosphere and upper stratosphere, creating a
dense column of free electrons and positive ions. At high altitudes this structure
remains relatively static, decaying only slowly under the influence of recombination.
At low altitudes, however, the electrons are rapidly lost via attachment reactions
with O; to form O;. While the column is composed largely of free electrons, it
can scatter clectromagnetic radiation and, surprisingly, may even initiate an intense

upward traveling electrical discharge similar to lightning,.

Before passing to the calculations of beam interactions, however, it is informative
to compare the ionizing effects of electrons and photons. Generally speaking, electrons
in the energy range 1 to 5 MeV have appreciably smaller interaction cross sections with

matter than easily obtainable EUV photons or X-rays. Iven hard X-rays, for which
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there are as yet no convenient space payload sources, only penetrate to the aliitude |
range of 50 to 60 km, Thus, if there is a need to produce appreciable jonization as

deep as the upper stratosphere, relativistic electrons are the logical choice.

Another factor relates to the net energy flux carried by electron beams. Unlike ‘
high energy photon sources, which have a generally broad beam divergence and ac-
companying r~2 energy diminuation with distance from the source, electron beams
are constrained to remain geometrically confined, varying in intensity only in response
to changes in the strength of the magnetic field and transverse spreading associated }
with scattering by atmospheric particles. Thus, it can be expected that a relativistic
electron beam, if injected at a small pitch angle with respect to the magnetic field,
will remain confined until it has lost a substantial fraction of its initial kinetic energy.

Furthermore, a surprisingly large fraction (~ 20%) of the initial beam energy will be

expended in producing atmospheric ionization along the path of the beam. ‘

In the following sections we describe the physical processes which accompany the
firing of a pulsed relativistic electron beam downwards along a magnetic field line
into the middle atmosphere. Consideration is given to the resulting altitude profile of
ionization, the conversion of the initial atmospheric positive ions and free electrons
into an end product state of positive ions, electrons, and negative ions, and the
possibility that the resulting beam column of ionization may lead to a high voltage

breakdown condition mimicking, to some extent, natural lightning.

4.2, Ionization Column Dynamics

4.2.1. Ionization Production Rates

Consider a relativistic electron beam of current I composed of monoenergetic
clectrons of velocity v fired parallel to the local magnetic field. We assume that the
beam emerges from an aperture of area A, and expands slowly with distance along

the magnetic field such that the area of the beam is A, at a distance r from the

source. The beam current is assumed to be pulsed at the source with an on period
- of ¢ seconds each pulsing cycle. As the beam travels downwards along the magnetic

et field, ionization is produced through electron impact.
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Following the treatment of Evans (1955), the number of ionization pairs per unit
path length in air at STP produced for each incident electron is approximated hy the
ionization formula

dN _, 45ion pairs

ds ~ pA?air —cm (4.1)

where s is measured along the local magnetic field and B = V/ec is the ratio of
particle velocity to the speed of light, ¢. Equations of greater detail also exist and

are extensively discussed in Appendix A.

As the electron beam moves downwards into the atmosphere, each electron of the
beam will gradually lose kinetic energy as a consequence of inelastic collisions with
the atmospheric gases. This effect is shown in Figure 4.1, and is based on Appendix
A equations. The figure gives the average energy per particle of the incident beam as
a function of altitude. For altitudes down to about 70 km there is little encrgy loss.
Below this point, however, the exponentially increasing density of the atmosphere,
coupled with the rise of energy loss rate with decreasing electron energy, dictates a
progressively greater decrease in beam particle energy. By the time that the beam
has reached 40 km, virtually all of the original Leam *nergy has been deposited in

the atmosphere.

Using the results of Appendix A, it is possible iv compute the local rate of energy
loss per unit distance of beam travel as a function of altitude. The typical profile of
energy deposition is shown here as Figure 4.2. The interesting result is that the rate
of energy deposition is generally proportional to the neutral gas concentration and
that a large amount of energy is deposited in the atmosphere at the end of the beam
penctration. This arises because of the large increase in beam energy loss rate at
low electron energies. The consequence is that there can be a substantial increase in
local electron density in the terminus zone of beam penetration. This general effect

is discussed in more detail following a discussion of the effects of beam scattering,

For a beam of current, I, and projected arca, A,. normal to the ma metic field,
b

the local rate of production of electrons and ions per em? per second, py is given by
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the expression

(i) (5) om e

= ——— ]}t —) cm™?sec” 4.2
l ﬁz 0440 no ( )
where n is the neutral gas concentration at the observation point and ng is the con-

centration of the atmosphere at STP (ng = 2.67 x 10" moleculcs cm™3),

Knowledge of the area, A,, of the beam at any point in the trajectory is an
important part of calculating the local ionization production rate. As individual
electrons pas: ..rough matter, minute deflections occur as a consequence of Coulomb
interactions with atmospheric atoms and molecules. These angular deflections are
equivalent to the introduction of perpendicular (to the local magnetic field) velocity
to the beam electrons so that after many kilometers of travel there can be appréciable
spread of the beam in pitch angle. This effect spreads the total ionization production

over a significant area, lowering the local enhancement of the electron and jon density.

There is extensive knowledge of electron scattering in various materials, including
air; e.g., I[CRU# 85 [1984]. Using standard approaches, it is even possible to com-
pute the angular scatter effects of low density materials where perpendicular transit
is an important part of the final beam area distribution. However, up to the present
time we have been unable to discover any method which adequately takes into ac-
count the confining effect of a magnetic field on a strongly peaked (energy and angle)
electron beam. Figure 4.3 illustrates this situation by following the trajectory of a
single electron. As it leaves the source the electron initially travels directly down the
magnetic field. At some point, however, it suffers a scattering collision which changes
its pitch angle. Such scattering interactions continue with increasing frequency until
the electron has lost all of its initial energy. As a consequence of the accumulated
angular scattering, the electron may be substantially deflected in a lateral direction
with respect to the original magnetic field line trajectory. This behavior is indicated

in Figure 4.3 by showing hypothetical scattering collisions and the envelope of an

clectron’s helical motion.

In this situation, we find that the traditional calculations of electron beam spread-

ing are incorrect since they ignore the confining effects of the geomagnetic field. Walt
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BEAM ENERGY VS ALTITUDE

110 4
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BEAM ENERGY (MeV)

Figure 4.1. Average cnergy per particle of a 5 MeV eclectron beam penetrating
vertically into the middle atmosphere, Details of the calculation are given in Appendix

A.
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Figure 4.2. Relativistic electron beam energy loss rate shown as a function of
altitude in the middle atmosphere. The peak deposition at the end of the path is due
to the rapid rise in energy loss which occurs at low electron energies. Details of the
calculation are given in Appendix A.
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et al. [1967] have attacked this problem for the case of a non-peaked relativistic elec-

tron beam, and they derived analytic expressions for the ionization rate as a function

of altitude, but the results may not be accurate for the case at hand.

Calculations for the highly peaked distributions considered here could be made
in a guiding center formalism which would take inte atcount the gradual outward
diffusion of clectrons resulting from scattering. However, this new work has not been
practical within the limits of the present study. Instead, we use three approximations
to the electron beam area: An arca which corresponds to no scattering by the atmo-
sphere (A; = 7/4m?), an arca which corresponds to the gyroradius of the relativistic
electrons at the cnergy of the source (4, = 600%7 m?), and the full scattering pre-
dicted from non-magnetic, conventional scattering equations (A, = 108 m? at 50 kin
altitude). In addition, we simply assume that at the very end of the beam penetra-
tion there is a substantial spatial blooming of the beam as scattering assumes great

importance in the last few kilometers of beam travel.

The result of these assumptions is to give the model of the region of electron
beam ionization enhancement shown in Figure 4.4. The overall shape of the ionization
region produced by the beam can be compared with that of a mushroom anchor: A
long, increasingly thick column of ionization eventually meets a thick, radially broad

cap, a consequence of electron scattering.

We now return to quantitative calculations. Using the energy loss rate, altitude
profiles of the plasma produced by single pulses from an electron source can be made
taking into acconnt the full range of energy degradation process. Since charged par-
ticle recombination operates on time scales of many milliseconds, a beam pulsed with
relatively short, microsecond bursts will give a net production of new ionization equal
to the product of the local production rate and the beam on time. The newly intro-
duced charged particles then decay according to recombination and other jonic and

electronic reactions with the gases of the middle atmosphere.

Figure 1.5 shows ionization production rate as a function of altitude calculated
fora 1 A .5 MeV electron beam pulsed on for 5 pscconds with different assumptions

about the beam arca. The production is proportional to the neutral gas number
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Geomagnetic Field
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Second collision
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«@— Fiith Collision

Electron gyrodiameter after
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Figure 4.3.  Schematic view of the effects of small angle scattering on the pitch
angle and lateral deflection of an energetic electron initially moving parallel to the
local magnetic field. Each collision enlarges the gyroradius of the electron motion.
Since each collision occurs at a random point within the gyrating trajectory, such
collisions can give a lateral deflection of the particle which is limited by the intrinsic
scale size of the full gyroradius of the electron.
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density for most of the path, but large ionization rates obtained near the end of the

beam show where scattering is important with consequent large lateral dispersions.

The initial burst of new ionization from a relativistic electron beam can have
a high “contrast” with respect to the pre-existing, background plasma. Figure 4.6
shows typical day and night electron densities for the middle atmospheric regions.
Also included is the new density calculated above for a single 5 usecond burst. It
can be seen that the beam-associated ionization can be much larger than the ambient

ionization for altitudes depending on the particular beam cross sectional atea.

More complete analyses of electron beam penetration must take into account
beam divergence arising from the finite range of pitch angles at the beam source, the
confining feature of the magnetic field, and the important effects of electron scattering
which accompany traversal through the atmosphere. A description of these is given
in Appendix A, which provides the basis for the ionization production rate discussion

of this section.

4.2.2. Plasma Chemistry

The initial ionization created by the pulsed electron .beam consists of positive
atmospheric ions (O, N;) and free secondary electrons. Once created, the positive
ions will undergo reactions with the ambient gases of the atmosphere, resulting in a
variety of final positive ion products which can be computed using atmosphere chem-
istry codes. Typically, large cluster positive ions will begin to form in competition
with dissociative recombination, a process which is rapid at the high plasma densities

of the narrower models of the ionization coluinn.

The secondary electrons, in contrast, undergo two more stages of activity. First,
those having significant energies will have subsequent additional energy losses, includ-
ing optical excitation and impact jonization of atmospheric gases. Electrons of lower
energy will cool to atmospheric temperature by means of various inelastic collisions
with atmospheric gases and. thereby, become part of the backgronnd D-region and

upper stratospheric plasma.




Figure 4.4. Illustrating the penctration of the electron beam into the middle atmo-
sphere. ‘‘'he plasma density of the beam-produced ionization column will be much
greater than the ambient ionospheric density. In addition, owing to strong scattering
at the end of the trajectory, we expect a substantial “blooming” of the ionization

structure. It is assumed that the heam is launched parallel to the local magnetic
field.
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110 Beam Parameters: . ..
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IONIZATION ENHANCEMENT (M-3)

Figure 4.5. lonization production as a function of altitude for 5 psecond, 5 MeV, 1

A, electron beam for three different beam cross sections. Contour A is for a variable
beam cross section due to atimospheric scattering without a magnetic field. Curve B
and (C assumes constant cross section radii of 602 and 0.5 meters, respectivelv. The
602 radius represents the relativistie gyroradius of a 5 MeV beam.
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IONIZATION ENHANCEMENT COMPARED TO

TYPICAL DAY/NIGHT IONOSPHERE
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Figure 4.6. Comparison of initial ionization enhancement produced per unit volue
with the average ambient density of the E- and D-regions for day and night conditions.
('nrves 13 and C are defined in Figure 4.5.
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Since it is the electrons which interact most strongly with electromagnetic radi-
ation, it is important to understand the various processes which affect their density
decay. On the one hand, recombination with ions occurs at a certain rate in propor-
tion to the ion concentration.-The time constant for this is set by the dissociative
recombination coefficient, @, and the density of ambient ions. A useful expression for

the time constant for dissociative recombination is given by

™D = ! (-1.3)
apne
where
3004 %
— =7 (%Y 3., -1
ap=3x10 (T) cm’sec (4.4)

and, T, is the electron temperature. Typical plasma densities of 10? to 10° cm=3
within the beam-produced ionization column give recombination decay times of sec-

onds or more.

A more important loss process for cold electrons is attachment to neutral O, to

form O3 ions. This three-body teaction progresses according to the reaction

e +024+0; = 07 +0; +0.45eV (4.5)

which has a rate coefticient [Banks et al., 1973] given by

k=15 x 10-29(5’%)

e-GOO/Tn2(Og) sec”! (-1.6)
where T is the temperature of the background neutral atmosphere and n(03) is the
molecular oxygen density. Calculations show that such attachment of free electrons
becomes a very important process helow about 70 km altitude in the mesosphere,
As showr: below, it is the primary limitation on the lifetime of free electron densities

arising from the relativistic electron beam experiment.

To understand this effect, we must consider the overall balance hetween electrons

and O3 ions. While electron attachment removes the free electrons, there are several
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,.,;.} reactions serving to liberate them, including photodetachment (in sunlight) and re-
actions of Oy with O3 and O. For the present models, it srems reasonable to ignore
these last two reactions: The (O and Og densities are sufficiently low in the regions
-, between 40 km and 70 km for their detachment reactions with O; to be ignored.
- Thus, to model the time-dependent electron density in the beam column, we can
ﬂ approximate the real situation by considering only electron attachment to O, and

- photodetachment in sunlight.

- The photodetachment of electrons from O is expressed as:
=7, O +nv = 0z +e¢ (4.7)

— where J = 0.9 sec™! at zero optical depth [Banks et al., 1973).

Competition between electron attachment and photodetachment can be studied

by a simple time dependent model of ionization loss which ignores recombination. If

there is an initial electron density, Ny, at time ¢ = 0, the electron density at a later
time is given by the expression
—= =1 —1k(1 — et/ (4.8)
N,
where 7 is a time constant for reaching equilibrium conditions given by the expression

1
(J+k)

T= (4.9)
where k is the attachment rate for equation (5) and J is the zero optical depth
photodetachment rate for O; . Values of this time constant as a function of altitude

are given in Table 1.

! Figure 4.7 shows the time history of the equilibrium ratio of electron density to
.:"d
) initial jon density, 4, at several altitudes. It is clear that at low altitudes even in
"
=] daylight, electrons will quickly be transforined to negative ions.
oy
o From the foregoing we can conclude that an appreciable concentration of free
o clectrons can be created by an initial pulse of relativistic electrons. However, these
l‘&"‘
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Table 1
Electron-Negative Ion Equilibrium Time Constant

Height (km) Time Constant (sec)

30 1.2x 1074
40 1.9 x 10-3
50 2.3x 1072
60 2.5 x 10~!
70 1.9 x 10°
80 3.3 x 10°

will disappear by two major processes: Attachment with O and, at a slower pace,
by recombination with positive ions. At altitudes above 70 km the lifetime of the |
electrons is long, measured in terms of seconds. Below 70 km, attachment becomes
increasingly important, such that at altitudes of 50 km free electron lifetimes are

measuted in terms of milliseconds, even in daytime.

4.3. Electrodynamics of an Ionization Column in the Middle Atmosphere

It is well known that the middle atmosphere plays an active part in global electro-
dynamics, serving as a conducting medium for the spatially dispersed currents arising
from thunderstorm activity throughout the world. Although the largest values for the
atmospheric electric fields are found within the troposphere near the earth’s surface,
in situ observations indicate that substantial potential drops are still possible in the
upper stratosphere and mesosphere. Using several different measuring methods, May-
nard and Hale and their co-workers have found, on occasion, electric fields on the order
of volts per meter in the D-region, implying that there may be total potential drops
on the order of 10's of kilovolts over distances of 10's of kilometers [Maynard et al.,
1981; Hale €t al., 1981].

Within the context of the present study it is appropriate to investigate the in-
teractions might occur between a transient. highly conducting ionization columnn and

ambient clectric fields of the middle atmosphere. This is done in the following way.
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Figure 4.7. Showing the ratio of equilibrium electron to initial jon density, gamma,
as a function of altitude. These results demonstiate the idea that free electrons are
rapidly converted to negative jons at low altitudes.
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First, we assume that the jonization column is produced instantancously with a cor-
tain allitude piofile of electron density and beam arca. Next, under the action of
the existing atmospheric electric fields, currents will be cstablished in the column,
leading it to charge at a certain rate to the potential of the highly conducting iono-
sphere lying above. At each point along the column the potential difference between
the column and the surrounding atmosphere will also rise. At some point it may be
the case that the associated electric ficlds are sufficiently large to accclerate ambient
and ionization column electrons to sufficiently large energies to cause additional jon-
ization; i.e., breakdown will occur. In this situation. a discharge would be initiated
with the possibility of subsequent large currents occuring in the ambient medium
and the conducting ionization column. Such a discharge, the equivalent of lightning,
would continue until the jonization column-associated electric field is reduced below

the breakdown level of the atmosphere.

To proceed, we first compite the resistivity and charging time of the beam-
produced ionization column. This time is shown, for typical parameters, to be
somewhat less than the time for loss of the electrons due to attachement. Next,
a computation is made of the breakdown electric field for conditions within the mid-
dle atmosphere. Using a model for the distribution of electric potential along the
ionization column and typical values of middle atmosphere electric fields, it is shown
that it is likely that some portion of the ionization column will establish electric fields
which exceed the threshold for breakdown. This then leads to a discussion of sub-
sequent effects which are important to the magnitude and duration of the discharge

current.

4.3.1. Resistance and Charging of the lonization Column.

We consider a simple model where the ambient electric field, £, is parallel to the

vertical jonization column,

When the ionization column is created, current will pass along it at a magni-
tude set by the resistivity of the column and the magnitude of the external electric

field. Owing to its high conductivity, however, the interior eleetric field will quickly




62

change, introducing a net potential difference hetween the column and the exterior
atmosphere, If the column were Leitectly conducting, it would achieve the same,
uniform potential as the ionosphere. Figure 4.8 illustrates this situation in terms of
equipotential contours in the vicinity of the column. Owing to the high electrical
conductivity of the column, the local contours of clectrostatic potential are altered,

producing large potential gradients in the vicinity of the column.

To begin the computation of the resistivity of the ionization column, the rela-

tionship between the local current density, j, and the local electric field, E, is given
by

j=oF (4.10)

where ¢ is the ordinary Pedersen conductivity of the ionospheric medium. If we then

assume that a current I passes through an area A of the column, we have

I=(cA)E (4.11)

Next, we adopt the standard expression for the conductivity:

nee?

(4.12)

Melen

where n. is the ambient electron density, vey is the electron-neutral collision frequency,

me is the electron mass, and e is the magnitude of the electron charge.

Further progress can be made by noting that the electron-neutral collision fre-
quency and the initial electron density are both proportional to the neutral gas den-
sity. Thus, if we normalize our results to the values of initial electron density and
collision frequency at some reference altitude, we can write the relation between col-

umn current and electric field as

0,2
[ = ["’e A]E (4.13)

mevd,




63

el

i"
-

e

o4

[3
LA

I&dl'

Ambient Electric

Field Electrostatic Equipotential

Contours

A

LGS

8

LAALL e

Beam-induced
Electric Fields

Al

[ R
. +
R

bk

PR
A

[ 4 ‘;D

LW
AdL

.

B L

L]

Lt

Ly

%

Figure 4.8. Elcctrostatic elfeet of mtioducing a condneting plasta columu into
the ambient middle atmosphere. Tt iy assned bere that the ambient eleetrie field is
uniform and vertical. Note the farge electric helds which surrennd the region near
the surface of the ionization column.

i

d
. .‘ Q' “ b’ 0’

bbb

-
Ee

V»‘\h"».‘u. SR L L Pl A Py
SR gr»"'!f"wh RO s P Lty

Lkl




LETPR

A

7

)

-4

Saes L BENAS

.‘:l

(AN A8

.
i,
L4
:

v

erdhe

27

",ﬁ':;,'

,l,':;;_‘,,

g4

L

1

L

,-‘._
"

6’;1'

o

2 3%

3

i

61
To obtain the resistivity of a column of length L, we note that if there is a voltage
V' present aver a distance L, Eqn. (4.13) becomes

_ |merenl ‘
14 [—_n“c/%]l (4.14)

so that the column resistance per unit length, 7, can he written as

0
_ MelegL

"
mpy (4.15)

Values for the collision frequency can be obtained from the C'IRA reference at-
mosphere. Normalizing to 50 km altitude, using these values and the electron density

from Figure 4.5 gives a resistance per unit length of

r=350m"", (4.16)

or, for a total length of, say, 40 km. a total column resistance of 1.4 MQ.

From this, we find that the resistance of the ionization column is substantial and
that a potential drop of about 20 kV will result in a current of tens of milliamperes.
In this situation, the time constant for charging of the column does not follow from
the usual transmission line equations of electrical charging: They apply only to cases
where the resistance per unit length is a small part of the line impedance provided by
the capacitance and inductance per unit length. In this instance another approach is
needed, and this is discussed in Appendix B in terms of a diffusion-controlled electric
field. The result applicable to the present circumstances is that the time constant,

7. for the beam column charging can be approximated by the expression

Te ™ — (4.17)

where 1 is the electron-neutral collision frequency and wp is the plasma frequency.
For the situation outlined here, the time constant for charging of the column is on

the order of 10°s of pseconds. Thus, as seen from an attachment time scale of 10’s
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of milliseconds, the ionization column rises to the ionospheric potential very quickly,

4

o

L

L

L

3

{,/

)
:

leading to the electrical model shown in Figure 4.8,

As a consequence of these calculations, we sce that not only does the electron
beam pulse create a channel of highly conductive plasma, albeit for a relatively short

time of 10's of milliseconds at low altitudes, but-also that the ambient clectric fields

of the middle atmosphere will drive current within this structure, bringing it quickly

(on time scales of 10's of pseconds) to the potential of 4he overlying ionosphere.
4.3.2. Electric Discharge of the Beam Column

As the potential of the beam column rises with respect to the background, an
electric field is generated within the surrounding medium. This situation was il-
lustrated in Figure 4.8, where we showed the equipotential contours of the middle
atmosphere as they have responded to the increasing potential of the beam-induced
plasma column. The concentration of potential contours near the lower tip of the
column indicates the increasing electric field there, and opens the question of the

possibility of creating the conditions necessary for an electrical discharge.

To resolve this possibility, two separate issues must be investigated: (1) The
magnitude of the breakdown electric field in the middle atmosphere, and (2) the

magnitude of the electric field in the vicinity of the beam structure. Each of these is

s Bl Y XX XY JEE LA T AN NN TR L

'

presented in the following sections.

a. The Breakdown FElectric Field. Electrical breakdown occurs in a partially

ionized gas when the local electric field is sufficiently large to accelerate ambient elec-

=i Y

trons to ionizing energies, typically of the order of 15 eV. The tendency of electric
field accelerated electrons to rise in energy towards breakdown energies is opposed by

electron collisions with the ambient neutral gas: In each energetic electron-neutral

} . . . . .

- collision the energy imparted to the electron by the electric field is largely lost. The
.‘l

::: problem in its simplest form, then, is to compute the energy of an individual clectron
. . . " .
< under combined effects of the accelerating electric field and the momentum lost in
“»

W .. . .

) electron-neutral collisions In fact, more accurate theories of breakdown would in-
" T, - o .

A clude the Jistribution of velocities of the clectrons, and the fact that it is the high
O
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energy pertions of the electron velocity distribution function that lead to the initial
avalanche ionizations that result in electrical breakdown. However, for this discus-
sion, the simple model of breakdown is probably sufficiently accurate to indicate the

magnitudes of fields needed.

We wish to compute the energy acquired by an electron between collisions with |
neutral gas particles. If there is an ambient electric field of magnitude E, the velocity,

v, after a time, ¢, has elapsed since the last collision is

v= (_el*?_t) (4.18)
Me
where ¢ is the magnitude of electron charge and m, is the electron mass. The electron
energy, ¢, then follows as
1 CE 2 2 !
€= Em,(mc) t (4.19) |

If ven is the collision frequency for electron-neutral gas collisions, the time, T,
between collisions is .= 1/Ven-and the_relation between électron energy and collision
frequency becomes

e? E2

2m.v2,

€= (4.20)

If we adopt at value of 10 eV as the mean energy of the electron gas to acquire
between collisions to initiate the ionizations necessary for breakdown, we arrive at
the desired relation between breakdown electric field, Ej, and the collision frequency

between electrons and neutrals:

-5
B0 myy (4.21)
Ven
Figure 4.9 plots values of Ej as a function of altitude in the middle atmosphere.
The results indicate that relatively small fields of 100 to 1000 V/m will initiate electri-
cal discharge in the regions between 50 km and 70 km altitude, the zone of principal

interest in this study.
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Figure 4.9. Showing the d.c. breakdown electric field strength as a function of
altitude in the middle atmosphere.
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b, FElectric Fields Near the Plasma Column. Figure 4.8 shows the general situ-
ation of electric equipotential contours near the beam column. Up to this point we
have assumed that the beam has a geometry set by the initial pulse of high energy
clectrons; i.e., that a long, thin structure is created with the diameter set by atmo-
spheric scattering. Furthermore, we have been abls to show that this plasma structure
will rapidly charge itself towards the potential of the overlying ionosphere, yielding
progressively larger radial potential differences between the plasma celumn and the
ambient ionosphere as one progresses downwards. Now, however, a difficult problem
arises; namely, how to estimate the local electric field. If the potential changes rapidly
with distance, then a large electric field will be present and the conditions required
for electrical breakdown may be present. If, on the other hand, the. potential is dis-
tributed over a large radial distance, only weak fields will occur and no cataclysmic

effects can be expected.

The core structure of the ionization column is determined by atmospheric scatter-
ing. In the absence of accurate numerical results in-the literature, we have.estimated
that the beam will achieve a diameter which is much larger than the source area, A,
but substantially less than one gyrodiameter (600 meters for a 3.5 MeV electron). In
fact, the column will not be uniform in radial dimension. Consequently, the potential
of the core of the beam will be higher than even the outside edges, indicating that
the correct calculation for the distribution of electric potential must include not only
the time-dependent effects, but also the dimensionality of the electron distribution
in the radial direction. This difficult task lies beyond the scope of the present re-
port. Instead, we can indicate the possible values based on typical potentials and

characteristic radii of the ionization column.

For example, if the core of the column has a diameter of 20 m, and if there is
a 20 kV potential drop, then it might be possible to have a radial electric field of 1
kV/m within this extended zone. According to Figure 4.9, this would be sufficient
to create breakdown above 50 km. On the other hand, if the diameter is 200 meters
and the potential drop only 10 kV, then the radial electric field will be on the order

of 50 V/m, which is probably too low to meet the requirements for breakdown except
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m"j:;f,
o above 74 km altitude,
wlg'e
3
y Py * . . * . . .
< At this time, with our lack of knowledge about the actual distribution of electric
s fields in the middle atmosphere and the redistribution of fields which will accompany
)
N . . R ITI . .
- the establishment of a conducting column of ionization in the same region, we can't
N . . . . o
N state categorically that electrical discharge is an inevitable consequence of the rela-
@ tivistic eleciron beam experiment. Part of this uncertainty can be removed by more
"
:3}‘:6 thorough calculations of the electrodynamics of the column. But, in the face of poor
g
%\%:: information about the spatial and temporal variability of middle atmosphere elec-
Y

tric fields, it will probably not be possible to have full confidence in the breakdown
hypothesis: A suitable in situ experiment will be needed to test all of the complex

factors.

4.3.3. Consequences of a Discharge.

It is interesting to speculate what might happen if, indeed, it is possible to initiate
an electrical breakdown at some point in the column. In this situation, we first expect
that additional electrons will be liberated to carry cur ent. This might occur through
the formation of filaments or leaders which would extend away from the column
into the surrounding gases. The subsequent rush of free electrons would produce an
electromagnetic pulse whose principal frequencies would be determined by both the
duration of the breakdown and any characteristic oscillations that might accompany

the formation and decay of leaders in the gas.

The general effect of the discharge would be to transport electric charge along

the column. With sufficient fields, such a discharge could conceivably extend the full

length of the beam. Heating of the atmosphere would be a slight consequence, and

e

- :3 optical emissions would provide a way of seeing the development of the discharge
-

K process.

<

A

The decay of the discharge would be determined by the change in local potential

7

and electric fields. As the region of enhanced density grows in size, the potential

A
'&'.

p i
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drop will become spread out, lowering the electric field strength until it falls below

!

SO

that required for breakdown. However, since this threshold depends on altitude, a
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complicated pattern of discharge might result, with prolonged discharge occuring at

higher altitudes along the beam column. Countering this would be the diminuation of

the local fields with altitude as one approaches the conducting regions of the D-layer.

4.4. A Proposed Experiment

As stated at the begining of this section, current technology is available for a
rocket-borne relativistic electron beam experiment. The goal of such an experiment
should be to assess a variety of phenomena associated with firing a high energy beam
into the atmosphere. These include: (1) The formation of a highly ionized column
of lonization extending downwards to the upper stratosphere, (2) The formation of a

large lateral cap of ionization at the end of the beam travel, as implied by Figure 4.4,

oot e B 98 - ¢ 0% I.‘»: : ';b- o . 59,0 . ~,-’,~:._=_'~,
TRTORY S WA,

(3) The time dependent decay of the free electrons in the column, (4) The possibility

ol

of creating a large scale electrical discharge in the middle atmosphere, and (5) Under-

standing the physics of the interaction of the energetic patticles with the atmosphere,

i B

as seen in the geometry of the beam and the character of energetic particles reflected

back into space.
3

_.
>

The most suitable experiments would be done with the nighttime launch of a

I T

oz
N

recoverable rocket payload at White Sands Missile Range. The rocket trajectory could

u
o
33

= (Ve

be chosen to minimize the cross-magnetic field velocity, permitting the accelerator to

fire many pulses into the same general region of the atmosphere. The payload would

R
g
LA

€

@

consist of the accelerator and various on-board detectors, including those related

to measuring the performance of the pulsed beam, the electrical charging of the

rocket, and high energy particle detectors capable of measuring the fast backscatter

e e fT

R

Roey of electrons fiom the atmosphete. Other remote diagnostic devices could also be
— ARS . . . . . .
o flown on the rocket to permit characterization of the ionization column, as seen from
)
?i.a immediately above. These could t.2 optical and UV detectors capable of seeing by-
X - . . . .
oL product radiation arising from beam interactions with the atmosphere and broadband
Nd
A . .
& radio receivers, *
A
:,_g (oordinated ground observations would also be essential. Optical imagers would
)\' ‘
AW . . . . .
o provide information about the geometry of the beam, while radars of various fre-
N
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Figure 4.10. Illustrating the geometry of a relativistic electron beam rocket ex-
periment. Ground sites provide optical, radar, and radio measurements of the beam
characteristics, while diagnostics of the rocket measure vehicle charging, backscattered
electron and ion fluxes, and image photon emission from the underlying ionization
structure,
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Y quencies conld probe the extent to which the column ionization interacts with the

incident radiation. Broad-band radio receivers would also help to assess the emis-

sion of any initial electromagnetic radiation (expected to be weak) and the possible

:'59 stronger emissions following from an electrical discharge.
k
o A schematic view of the experimental situation is given in Figure 410, — v o e .. .. . .

. S

i

4.5. Closing Remarks

X

+ —— -~ - -There are many interesting features of relativistic electron beamn experiments in
space. Here, we have focused on problems relating to the interaction of the beam
with the atmosphere to produce ionization enhancements. It is seen that the high
energy of the beam electrons means that interaction with the middle atmosphere is
possible, and that there are a number of subsidiary phenomena which may come into

play. In the face of substantial theoretical uncertainties, firm understanding of the

Lde | leppsiercankes:

physical consequences will require an experimental program involving, at the least,

|

,23'2 :
_;: several rocket flights with supporting ground and space observations. This should be |
-, . " . . . . . ‘
- dome in connection with an extensive theoretical analysis of the important features of

3 beam production, scattering, and electrodynamic consequences.

X
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4.7. Appendix A

Caloulations of predicted ionization for relativistic eleetron beams in the atmo
sphere can be divided into two specitie areas, Fiest, is the energy loss of the electron
beam per unit length (dE/ds) as it penetrates through the atmosphere. It is assumed
that most of this heam energy loss is consutued in the process of impact ionization
with the neutral background of the plasma. An immediate result of this caleulation
should be the penetration depth of the beam and also the ionization per unit length
as a function of distance, The second area is the estimation of the lateral extent
(perpendicular to B) of the primary beam resulting in an incident primary electron
flux. ®(s). Both sets of calculations are necessary to estimate the ionization densities

that are to result for the relativistic electron beam.

Given the above, it is straightforward to estimate the ionization rate. g, at any

given altitude as

B g(ﬂs)
7= ds Ae

(A.1)

where Ac is the required average ionization energy with a value of 35¢V used here
[Banks et al., 1973]. Assuming a short duration pulse, the value in Eq. A.1 can be
multiplied by the on-time of the beam pulse to estimate the additional ionization or

ionization enhancement that is created by the relativistic electron beam.

In the following, the two calculations will be discussed separately keeping in
mind that both are necessary to provide the final predictions of electron densities as
a function of penetration. The results presented are intended for use with relativistic
beam energy levels up to approximately 5 MeV, although it may be satisfactory for

some applications to extend up to the 10 MeV level.
Lo ENERGY LOSS AND IONIZATION RATE PER UNIT LENGTH, dE/ds
Atmospheric ionization and penetration of energetic electron beams in the non-

relativistic range greater than 1 KeV can he straightforwardly caleulated based on

a variety of methods. For example, Iees [1963] used experimentally verified energy
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E:::‘E distribution functions to calculate the penetration and ionization deposition versus

-y altitude,  These results are useful for first order caleulations in the lower energy

% ranges (1-300 keV). For beam energies above about 0.5 MeV, where the clectron

Ei::-‘ Kinetic energy is approximately equal to the electron rest mass, it is necessary to

E}'} inclnde refativistic effects in these caleulations.

g Both ionization and penetration caleulations start by estimating the electron

,':i’ beam energy loss per unit path length and assuming that all of the energy loss goes

E?.E into ionization at that altitude. A form of the Bethe equation that accounts for

ar relativistic effects therefore can be used [Evans, 1955]

l"'t"

)

:‘:S L _ 4o ”f”.szz{ln [,-3E + moc \/T] - 1ﬁ2}M LAY

o ds 3 { myc? 2 m

:_ where ‘
.?:‘ E = incident electron beam kinetic energy (MeV) l
:'.C’, ro = classical electron radius |
::£~'- NZ = electrons/m3

2 B = (6P =1- (K +1]

E:;:.: moc® = 0.511 MeV

2 The original Bethe equation is basically a summary of detailed quantum mechan- |
::3 ical calculations of soft collision energy loss between an energetic particle and bound ‘
::-:3 clectrons (by soft or conversely hard, we are referring to whether the struck electrons

- are initially considered bound or free). This was later extended to include relativistic

:;3 effects. Although the Bethe equation is calculated assuming soft collisions only, it

::-23 has been found to be an adequate first order estimate of total energy loss from both

'i Lard and soft collisions when it is extended to consider up to the maximum possible

- cnergy loss per collision of E/2. This has been done in Eq. A.2.

-

Zj The use of Eq. A.2 to estimate dE/ds ignores contributions to cnergy loss from

:'3 Bremsstrahlung radiation and straggling effects. However, for electron beam energies

up through 10 MeV, radiative losses remain at least an order of magnitude lower

[lsvans]. Also ignored in Fq. A.2, is the cffect of electron back-scattering, which
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wonld decrease the incident flux at any given altitude but which would represent an
additional ivnizing electron flux contribution in the reverse direction. The effect from
back-scattering is not expected 1o be significant exoept near the end of the elect oy
beam path. Figure 4.2 shows the variation of dF/ds as a funetion of altitude for a5
MeV bean, while Figare 11 shows the actual energy of the 5 MeV as it penetrates

the atmosphere,
2. PRIMARY BLEAM ELECTRON FLUX, ¢(s)

While the loss of electron beami encrgy, as the beam penetrates the atmaosphere,
plays the principal role in determining penetration depth and ionization per unit
length, it is the radial expansion of the primary beam that sets the enhancement
densitics that are ultimately achieved within the ionization colummn. Factors that can
play a role in determining radial expansion include initial beam source divergence.
confining magnetic field forces. and clectron scattering from interactions with the
neutral atmosphere. How these effects interact becomes a very significant physical
and computational problem. especially for the case of a narrow cnergetic beam source.
Walt et al. [1967] used a formulation of the Fokker-Planck diffusion equation to, in
part. predict radial expansion of auroral flux. Their method was not considered to
be casily applied to distributions that were strongly peaked in either energy or angic;
precisely the situation under consideration here. Another complimentary approach
integrates the diffusion equations using Monte Carlo techniques, as in Wedde [1970]
and Maeda [1965]. It is implicitly assumed that the primary beam and secondary flux
electrons all behave independently, following single particle motions, and interact only

with neutral atmosphere particles and the carth's magnetic field.

Results from Walt et al. [1967). indicated that typical perpendicular-to-B diffu-
sion of an auroral (non-relativistic) flux with broad energy and angular spread was on
the order of an clectron gyroradius; indicative of the contining effect of the magnetic
field. That the magnetie field should still he necessary to confine the radial expansion
of a narrow relativistic monoenergetic electron heam launched nearly parallel to B in
a tennons atmosphere is not necessarily obvions, After all, as beam energy increases

the scattering eross-sections decrease [Maehlum, 1970] and highly foeused relativis-
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tic beam generators are available. As will be shown, even in tenuons atmospheric
conditions present for upper stratospherie and lugher altitndes (nentral atmosphere
molecular densities levels are at Jeast three to seven orders lower than STP den-

sty levels), the relativistie electron-nentral elastic seattering collisions still can cause

substantial radial beam ditfusion withont the presence of the earth’s magnetie ficld.

,:"d" To demoustrate this fact standard equations collected and published by the Inter-
> traWy

3 Wi R . ) . . » . v - , ege

4 ‘c::"ﬁ national Commission on Radiation Units and Measurements (1CRU) can be utilized
Pt

Ik to predict radial beam expansion [ICRU Report #5] in a reference atmosphere [CIRA,

1965] due to small angle scattering. Small angle scattering assumes that any large
angle scattering events are relatively infrequent and can therefore be ignored. Funda-
mental to small angle scattering calculations is the fact that the mean square angular
scatter for each electron-neutral collision is statistically independent and therefore
additive [Rossi, 1952]. This fact can be used to estimate the mean square radius of a !

narrow Gaussian electron beam as a function of penetration depth, s, given by

- ——— 2 S 2
re(s) = 1] + 2rlys + 62s° + / (s —u)*T(u)du (A.3)
0

where the terms are defined as follows:

ri = initial mean square radial spread of the beam |
70, = initial covariance of the simultaneous radial and angular distribution

#? = initial mean squarc angular spread of the beam

I'(u) = change in mean square angle of scattering per unit length, where

—— 4

- — 9"’ Do 4 ° L LI !
I'fn) = L. ‘l?l‘aL: = 2'47""5‘\1 ((,—;ﬁ‘ﬁ) {1n[l+(0nu/0m)']+l+[l+(0mt/0m)'] l}(A~4)
where
-1
2, hicl I AS
' = e — 1 Al ] "- - i 'y .
O TR or 1, whichever is smaller (A.5)
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By = 1130 =0 (1.6)
Aty o4 b

1 - nuclean iaher

a = (thefine stractuge constanty = 1/ 147

Mo 1> the cut-oll angle due 1o the tinite size of the nuelens given by the ratio of

the reduced de Broghie wavelengtl of the electron 1o the imelear radius. 0y, is the

screening angle due to the sereening of the nucleus by the orbital electrons and is

;.f_' given by the rativ of the reduced de Broglie wavelength to the atomic radius.

-

3 As indicated in Eq. AL T(u) is the sum of the mean square angle scattering
‘ contributions from each neutral atmospheric constituent. Mean square angle scat-
; tering for each constituent is proportional to its respective density and the square
:: of the nucleus charge number. For a narrow, vell fucused beam, the integral in Eq.
;’:; A.3 completely dominates radial expansion and need be the only term considered.
;;:. The integral weights scattering that vccurs carly. along the path of the beam, more
:".. heavily than scattering occurring near the end of the integration path.

—

Figure A.1 shows the predicted rms beam radius. assuming an initially narrow

‘e u";'-; J’ ‘

(1 cm radius) 5 MeV beam focused at infinity with no magnetic field, as it traverses

»

.
e e

vertically down from an altitude of 1% km. As seen. the beam spread duc to elastic

'I.'I )

scattering would be substantial: well beyond the gyroradius for a 5 MeV electron (602

m). The somewhat surprising result here is that significant beam spread is predicted

.

{ ‘ A

. to vccur even due to the scattering levels present in the highest altitude portion of
-, the beam path where collisions are the most infrequent. For example, in transiting
T from 119 to 1IN ki, 70 has the averaee value
=
"~ g pe —t 4 -
. Py =T, 120 107 vad fin (1.7)
~
"%

ﬁ
)
3

In transiting one Lilometer the rns anealar spread of an imitially colummar beam

vould thus increase to approximately Dmilliradian. Withont any additional seattering
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RMS Beam Spread vs Altitude

110 +

2 Beam Parameters:
=
;3 90 SMeV !
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i £
5 E 70 4 5 uSec
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Figure A.1. Predicted rms bearn radius versus altitude for 5 MeV beam that starts
with a 1 cm radius. No magnetic field assumed.

ot o

A VA I T i Lo LA AT AR AT AR AR AR s af g Ao s, S e mo i sonl it fee B s e ol




81

collisions, this angular spread would cause the average beam radius to increase to
approximately 80 m after penetrating down to a depth near 40 km; substantially less
than a. gyroradius. If instead, T'(u) was maintained at the value in Eq. A.7, the
integral in Eq. A.3 could be straightforwardly solved resulting in an appreximate

mean square radius of
r3(s) = ;t-saTo (A.8)

which when evaluated at maximum range gives an rms radius of 460 m. However,
since the beam must penetrate at least ten scale heights down to 40 km (for a 5 MeV
beam), T'(u) will increase correspondingly and so would the rms radius as shown in
Figure A.1, without the presence of the magnetic field. Placement of the beam source
at higher or lower altitudes would modify the integrated mean square scattering and

therefore the resulting radial spread shown in Figure A.1.

Even with the reduced scattering cross-section of a telativistic electron beam, each
primary electron experiences many elastic small angle scattering events as it pene-
trates through the atmosphere [Maehlum, 1970]. This will cause substantial spread
in the angular distribution function describing the primary beam flux, even for the
case of a focused narrow beam, directed down the magnetic field. Therefore, without
the presence of the magnetic field, it would not be possible to keep a narrow, focused
relativistic electron beam from having significant radial diffusion as it penetrated the

atmosphere.

The problem of specifically including the confining effect of the magnetic field’s
Lorentz force with the statistical behavior of the electrons, due to elastic and inelastic
collisions, is much more complicated, most likely requiring the methods of Walt et
al. [1967], Wedde [1970], or Maeda [1965]. However, it is probably safe to assume
that the electron beam will not spread to much beyond a gyroradius, following the
results of Walt el al. [1967], at least until the beam penetrates sufficiently deep into

the atmosphere where large angle scattering collisions hecome significant.

There are several assumptions that have been made in genecating the above, For

example, straggling and reflection effects have not been included (Although most re-
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flections tend to come from deep along the electron path [Maehlum, 1970 and Walt,
1967]). In the above analysis it has been implicitly assumed that the primary elec-
trons, having identical initial conditions, all penetrate to the same final altitude. In
actuality, different primary electrons in the beam will penetrate to different altitudes
and possibly be reflected based on their unique collision history. This would have
the effect of spreading out the very pronounced peaks that occur at the end of the

beam penetration in Figure 4.5 over several kilometers or to reduce the incident flux

somewhat.

We have also assumed that all secondary electrons produced, which on the average
have sufficient energy to produce approximately two additional ion-electron pairs,
will stay within the same location where it was initially generated. However, it can
easily move along the magnetic field lines within a mean free path before generating
additional ionization. This will also have the tendency to reduce and broaden the

pronounced peak observed at beam termination in Figure 4.5.

Finally, under certain conditions it is predicted that the mean square scattering

- angle will reach an equilibrium value, so that much beyond 0.3 to 0.5 of the mass
33% weighted range the electrons will reach a state of full diffusion and a rms value of
?:1\ approximately 45° [ICRU #35]. The explanation for this is that electrons scattered

X over larger angles are rapidly lost from the beam so that the largest depths are
;::i only reached by electrons with nearly straight paths. However, for the case under
E:-::P consideration here, the stated mass weighted range is only reached at approximately
"1‘»;: the last atmospheric scale height. Further, the effect of a confining magnetic field was
-

apparently not considered, which should prevent large-angle scattered electrons from

moving more than a gyroradius away and leaving the beam.

To sumnmarize, the neutral atmospheric densities in the mesospheric and strato-

spheric altitudes under consideration here are sufficient to cause enough angular

¥
I Y

sH el

spread, on an initially narrow electron beam, such that without the presence of the

s
ChRANS

[

magnetic field there would be substantial radial diffusion of the beam flux. The elastic
= collisional effect can be thought of as random walk of the primary electron guiding
s

center. Therefore, for a first order estimate of the column ionization density, we
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would propose to use the initial beam energy gyroradius to set the primary electron

flux and further assume that the flux is uniformly distributed within this gyroradius.

A3

J
o

sy - 3

A

This is the gyroradius curve (curve B) of Figure 4.5 where a much narrower column

i

radius (0.5 m) is also included (curve C). In practice we would expect.to see the

!

actual ionization enhancement start with values near the 0.5m curve and then move

towards the gyroradius curve as the beam penetrated into the atmosphere. At the
end of beam penetration, it may also be that the primary electron beam will diffuse
slightly beyond a gyroradius, causing the resulting ionization density to dip below the
gyroradius curve. Finally, we would expect that a variety of effects, such as electron

straggling, will tend to broaden and reduce the peak levels of ionization predicted at

the end of beam penetration in Figure 4.5.
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4.8. Appendix B: Relocation of Ionized Column to Uniform Potential

Consider the ionized column in Figure B.1 and the initial ambient potential profile

in Figure B.2.

Shuttle orbit height

+—

lonized column

Figure B.1. Ionized column in the ionosphere.

The governing equations in the column are

V.E = —nefe, (B.1)
on
i =V .nv (B.2)

where n anc v are the electron density and velocity, respectively, and

av kTVn
o= k-

-vv=0 (B.3)

A. Solution for » >> plasma frequency

In this case we can ignore the term on the left hand side of Eq. (B.3). Rearranging

(B.3) then gives
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o = _ngE  kTVn (B.4)
v vm

Substituting this in (B.2) gives

‘?9—': =V. ""E 2= izl v (B.5)

Now we substitute (1) to get

Final ionospheric potential profile

Initial ionospheric potential profile

Potential

Figure B.2. Initial and final ionospheric potential particles.

—-?—-C-OV E=vV. nr)E AT

i = - — v""v E (B.6)

Rearranging gives
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d

E?V E=-V. "F'+ “v2v E=0 (B.7)
or
V. {‘”* “”’E Zl V"E} =0 (B.8)
ot
One possible solution is |
|
%’f -‘i’«'lE 42 VzE (B.9) ;

Let us assume a one-dimensional solution in the z-direction so that

=
; f;
e

Ja

aEz - wg azEz
G = LBt

R 3

(B.10)

-‘O
]
o x,

If we also assume an initial beam profile

e

e,

2 V=-Az+B and E,=A (B.11)
oy

then the solution to (B.10) is

o E; = Ae (B.12)

R i.e., the E; ficld relaxes to zero in a characteristic time, ¢4, equal to u/wf,.

» : If v is 10% sec™! and wy, is 10% see=!. then
o ¥
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B. Solution for general casc

In the general case the governing cquations are

V. E = —nefe, (B.13)
‘aa—r: = —nov ‘v (B.14)
nog—;’ = —nn.kE — %’Vn - NoVV (B.15)

Taking the divergence of (B.15) gives

no-aa—tV v =—=qn,V-E - '—:-Z:VZn —novV-.v (B.16)

If we rewrite (B.13) as

A n= -—:V - E, (B.17)
=N and substitute it into (B.14), we obtain
.
s 1on 10/ e ¢ 0
i =e—m =2 L)y g Oy,
¢:: Vv ne Ot ne AL\ e V-E en, 6tv E (B.18)
i Substituting (B.17) and (B.18) into (B.16) yields the equation
o
A
j’:" d € 0 _ kT _q€0 & 0
X Moy enoﬂtv E=-m,V . .E+ -~ \% CV‘E’—nouenoatV'E (B.19)

or, in simpler form,
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Then

If v > 2uwp, then

If v< 2w}h then

If v >> 2wy, then

This corresponds to Eqn.

o
at?

= —2R 402 _ 9
24 207
T "ol

O*FE o , -
T2 TV = Wl +uVE

PE  0F =
e TV Tk =0

B -,

11w2 — "2
£ = A Qsin\/zf

I‘: = At,“w'f':!/v

(1B.12).

(13.20)

(B.21)

(B.22)

(B.23)

(B.24)

(13.25)
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5. ION AND PLASMA BEAMS

5.1. Previous Space Experiments

Our literature scarch has not turned up any published accounts of space experi-
ments involving non-neutral beams of ions, positive or negative (however, see p. 133):
here ‘non-neutral beams’ i.eans beams in which the electric space charpe of the posi-
tive or negative ions is not neutralized by the emission of equal numbers of oppositely
charged particles from the sources of the beams. Probably the main reason for the
lack of interest in such experiments is that no scientific objectives have been pro-
posed for them that could not be attained more readily using either electron beams,
as described above, or plasma beams, as will be described below. Other reasons are
technological: jon beams are relatively difficult to produce and to use. Electrons can
be extracted simply from a heated cathode, which need be no more than a simple
filament of a refractory metal such as tungsten. Positive ions, however, are generally
produced by extraction from gas discharges. It is possible to extract ions from heated
solid cathodes, but these have to have relatively complicated structures if they are to
avoid being eroded in the process. Negative ions, which are less stable than positive

ions, are even more difficult to produce in quantity.

Morcover, the use of intense non-neutral positive ion beams in space experiments
would create a severe problem of spacecraft ncutralization. For a given beam current.
passive nentralization (i.e., neutralization by charge deposition from the ambient
plasma onto any conducting outer surfaces of the spacecraft body) is more difficult to
achieve when the beam is of positive ions, becanse the body is then required to collect
ionospheric positive ions instead of the much more mobile ionospheric electrons, It
is true that the same problem would not arise with negative jon beams, but their
advantage in this respeet would be outweished by the greater difficulty of producing

them.

Seemingly, therefore, space experimentation with intense non-nentral positive jon
beams wonld entail the use of active methods for spacecraft neutralization. One such

method might he to embark a separate clectron heam sonree, and to arrange for it
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to emit an clectron current equal in magnitude 1o the positive ion current. However,
quite apart from the technological inconvenience of having two separate and different
sources of particle beams on the same spacecraft, this arrangement would be open to
the scientific objection that the effects caused by the two beams might be difficult to

distinguish from each other.

A much simpler active method for neutralization of a spacecraft carrying a source
of cnergetic positive jons is to arrange for an equal number of electrons to be emitted
from the same source. In other words, the source emits a plasma beam instead of
an jon beam. When the ion and electron sources are separate, space charge limits ;
the currents — and hence the particle fluxes -- of both species. But when tlie two
sources are combined, the space charges due to the two particle species neutralize
~ne another, with the result that very much greater fluxes can be emitted. Thus,
for instance, in Table 1 the largest current reported for an electron beam is 0.8 A,

whereas in Table 2 the corresponding figure for a plasma beam is 1.6 kA.

Of course, the beam emitted from a plasma source, besides having no net space
charge. also carries no net current; the beam is said to be current-neutral as well as
charge-neutral. This is true, at least, so long as no other device, such as an electron
beam source or a tethered sub-payload, is bringing current to the spacecraft. Thus
the source emits equal and opposite ion and electron currents, and the figures quoted

in the last column of Table 2 are their absolute values.

Whether it be for these or for other reasous, all the space experiments performed
up to now with energetic ions have used plasma beams rather than non-neutral ion
beams. A list of those performed since the beginning of 1975 is given in Table 2.
The format is similar to that of Table 1, except that the nature of the positive ion is
specified in an additional column; usually the ions were either of alkali metals such

ax caesiun, or of inert gases such as argon.

Although in most of these experiments the vehicles were rockets, there were some
exceptions. The Soviet ‘Meteor’ experiment was performed from a satellite [Greb-
nee ot al., 1981], while the Japanese SEPAC experinient was part of the Spacelab-1

payload on the NASA Space Shuttle [Obayashi ct al., 1985). Plasma sources were also
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Table 1. Space experiments with electron beams of energies of 10 keV or more, since 1-1-75

TITLE

DATE

ALTITUDE

ENERGY

CURRENT

ARAKS

(1) 1-26-75
(2) 2-15-75

(1) 190 km
(2) 185 km

15 and
27 Kev

05A

ECHO 4

1/131/76

215km

40 keV

01A

POLAR 5

2/1/76

110-220 km

10 keV

0.13mA

ELECTRON 2

11/27/78

120-192 km

10keV

0.01-0.1 mA

ECHO S

11/13/79

100-120 km

40 keV

08A

- ECHO 6

3/30/83

200 km

10-36 keV

023 A

.
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‘ix Table 2. Space experiments with positive ion (plasma) beams, since 1-1-75
el
:3;:-; TITLE DATE ALTITUDE ION ENERGY | CURRENT
Ty
- ARAKS (1) 1-26-75 (1) 180 km Caesium 50 eV 10A
S (2) 2-15-75 (2) 185 km
:a:,. ARIEL (1) 10-29-77 (1,2) 115-160km | (1,4)Barium | Uncertain | Uncertain
- (2)10-30-77 (3.4) 110-145 km | (2,3) Uncertain
~ (3) 11-30-78
oG (4) 11-18-79
-
‘:.:.0
j% METEOR 1977-79 850-900 km Xenon 130 eV Uncertain
%2 AELITA (1) 10-06-78 100-145 km Lithium 4-10 eV 300 A
: {-. (2) 10-25-79
ﬁl
*‘
PORCUPINE (1) 3-19-79 (1) 196-464 km Xenon 200 eV 4 .A
(2) 3-31-79 (2) 191-451 km
ARCS (1) 1-27-80 (1)120 - 220 km Argon (1) 25 eV 01A
(2) 11-14-82 (2) 120 - 451 km (2) 33 eV
SEPAC 11-28-83 240 km Argon 110 eV 16 kA
ARCS 3 2-10-85 129-406 km Argon 200 eV 02A
LT X LR AR AT L A s e, N A e A AL AN A A ALY o R
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embarked on the geasynchronous satellites NTS-5, ATS-6, and SCATHA, bt hese
expenments have not been listed i the table because the sousces coneerned were ton

stall to be useful for ionosphenie modification.

The tignres quoted for the energies are those of 1he positive jons. The ecarrespond-
g velocities are, of conrse, very mneh less (by the aquare toot of the mass ratio) than
tiose of electrons with the same energy. In the SEPAC experiment,, for instanee, the
veloeity of the 110 ¢V argon ions in the plasma heam was abont 23 km/s [Sasaki 1
al., 1986h]. Sinee the beam is eleetrically neutral, the bulk velocity of the electrons in
s the same as the velocity of the ions, which is el less than the electron ther.ual
velocity. Thus the neutralizing electrons are thermal, in the sense that then energies
are essentially those of their random thermal motions: usually these amount just to a
few eVowhich is nevertheless an order of magnitude greater than the thermal energies

of the ambient ionospheric eleetrons.

I some space experiments, a plasma source was put on board the spacecraft
primarily as a sonrce of neutralizing electrons rather than of energetic ions. This W
the case, for instance, in Araks, the first of the experiments listed in Table 2. Each
of the Araks payloads had an clectron gun as the main active experimental device
(zec Table 1), while the purpose of the plasma source was to promote neutralization
during the electron beam emissions [Morozov ¢ al., 1978; Cambou, 1980]. The source
was operated continnonsly, and the plasma was ejected more or less perpendicularly
to the local magnetic field, so that it tended to remain near the payload. Thus the
payload should have been surronnded by a dense clond of hot plasma, from which it
conld collect neutralicing electrons more readily than from the ambient jonosphere.
Whether the plasma source actually succeeded in testraining the excursions of payload
potential is not clear from the Arake data {Feali, 1951). On the other hand, the
plastnic sonrces on the MES-6 and SCATIYA satellites were quite suceessful in this
vespect [Purees and Bartlott, 1950; Gussenhoven and Mullen, 1983]. Plasma sources
wsed primavily as means for stabilizing spacecratt potential are sometines referred to

as plastia contertors” or plasma bridges”.

Incall the remaining experiments listed in Table 2, the plasima source itself was
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the main active experimental device. In most cases it operated in pulses rather than
continuously, so that comparison could be made between the effécts observed with
the source in action and with it switched off. The very large ion current used in the
SEPAC experiment was emitted in 1 ms pulses, separated by relatively long intervals;
the value quoted for the current has been estimated from the published figure of 10
for the total number of electron-ion pairs emitted in a pulse [Sasaki et al., 1986).
The power was supplied from a capacitor bank, which accumulated electrical energy
relatively slowly and then discharged it impulsively into the source; the discharge
energy was 2 kJ [[jichi et al., 1981]). However, some of the other expetiments used
pulses lasting 1 s or more, approximating continuous operation. In the Soviet ‘Aelita’
experiments, for instance, the 300 A lithium plasma beam was emitted in pulses 2 s
long with 1 s between them; the resulting plasma clouds, lauriched into the ionosphere
in the 90-150 km altitude range, were sufficiently large and sufficiently dense to be
observable by radar from the ground [Sagdeev et al., 1981].

The scientific objectives of most of these experiments were to study the propaga-
tion of plasma beams through the ionospheric plasma in the presence of the Earth’s
magnetic field. The theoretically anticipated behavior depends very much on the
direction of propagation of the beam relative to the field: it is very different for the
perpendicular and parallel directions. In some of the experiments the beam was di-
rected more or less perpendicular to the field, and in others more or less parallel,
depending on the objectives. The theory of plasma beam propagation and the effect.

that have been observed experimentally are discussed in §5.3.

5.2. Ion and Plasma Beam Sources
5.2.1, Introduction

Sources of ion beams and of plasma beams are far more diverse than sources of
electron beams are. A comprehensive review of research and development work on ion
and plasma beam sources up to the beginning of 1973 has been published by Green
[1974]; his discussion of basic principles and extensive bibliography are especially

valuable. The review concentrates on the production of beams by gaseous discharges,
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which is the classical method, and it covers the three main aspects of the subject: these
are, firstly, the actual discharge in which ions of the species needed can be produced
at controlled rates, preferably with spatial and temporal uniformity; secondly, the
extraction of the beam from the discharge, preferably with only a small spread in
velocity; and thirdly, the transport of the beam away from the source, in the possible
presence of strong space-charge forces. We now discuss briefly these three aspects of
the classical discharge source, then describe some alternative plasma sources, many of
which were devcloped originally for the electric propulsion of spacecraft [Jahn, 1968).
Finally we outline the progress that has been accomplished in developing plasma

sources over the past decade.

5.2.2. Gas Discharge

In a discharge, neutral gas is jonized and turned into plasma by bombardment
with energetic electrons. These may be emitted from a cathode, which generally is
heated to promote emission. Alternatively, once the discharge has started, they may
be electrons liberated by the ionization of the gas. In either case, they are given
energy by acceleration in electric fields, which may be uni-directional or oscillatory.
Rapidly oscillating radio-frequency (RF') fields offer the advantage of not driving the
electrons systematically towards and into the anode, as is liable to happen with uni-
directional fields; thus the electrons remain in contact longer with the neutral gas,

and have a better chance of making ionizing collisions.

To this same end, in sources energized by uni-directional electric fields, magnetic
fields are often used to confine the electrons and thus stop them from moving promptly
to the anode. One family of sources of this kind is based on the principle of the
Penning lenization Guage (PIG), otherwise known as the reflex discharge source. In
its simplest form, the P1G has axial symmetry, and a uniform magnetic field is applied
parallel to its axis. This field prevents the clectrons from escaping radially, while they
are prevented from escaping axially by means of two negatively biased circular disks,
one at each end of the discharge, which face one another and form the cathodes. The

anode is a cylinder, which often forms the outer wall of the device. The ‘pigatron’

u“-&."‘.‘-**-*-
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and ‘duopigatron’ are examples of sources that use this principle; other varieties, such

as the ‘duoplasmatron’, also use confining magnetic fields but in different ways.
5.2.3. Beam FEzxtraction

At the instant when it is formed in a gas discharge, a positive ion has just the

LAARAARS L arl AR

random thermal velocity of its neutral parent particle, and for some purposes this
velocity would be quite sufficient. If, for instance, the source is to be used as a plasma
contactor, then there is no need for the plasma to emerge as a directed beam, so
long as the emitted ion and electron currents exceed the value required for spacectaft
neutralization. Indeed, it is better that the plasma should emerge slowly and diffusely,
so as to form a dense cloud around the spacecraft. Hence a plasma contactor may
consist simply of a gas discharge tube, for example of the hollow cathode type, with a
hole at one end to let the plasma out. If the discharge is produced by means of an RF
field, the ions will emerge at their thermal velocities corresponding to the temperature
of the gas in the source; a patticularly efficient type of RF plasma source has been
developed recently by Boswell [1984).

However, if a static electric field is used to produce the discharge, then the average
velocity of the emergent ions, and the spread in their velocities around the average,
are generally much greater than the ion thermal velocity at the temperature of the gas
in the source. The reason for this is the existence, within the discharge, of variations
of electric potential from point to point. Besides its thermal kinetic enetgy, an ion

acquires additional kinetic energy equal to the difference between the potential of the

LRI

point in the discharge where it was formed, and the potential of the ambient plasma.

Thus, for instance, the ion gun used in the ARCS 1 and 2 experiments consisted of a

»,
E hollow-cathode discharge, in which electrons from a filament were accelerated towards
3 P a cylindrical anode on the axis, while being confined by a coaxial magnetic field. The
Z‘%‘ ions, which had radii of gyration greater than the dimensions of the source, were not
::t-' confined. The ion beam had a 60° cone angle, and a distribution in energy with a ,

L',d -

full width at half maximum of approximately 25% centered on an energy of 25-30

2 Ll

34 eV, when 60 V were applied to the anode [Moore et al., 1982, 1983; Kaufmann et al.,
_}:3 1985]; a similar type of source, but producing a 200 eV ijon beam, was used in ARCS
—
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< is limited to a thin layer at the surface of the plasma. just a few Debye lengths thick,
ron®
P which is called the ‘ion sheath’ because it contains more ions than electrons. In the
¢ . . . .
. bulk plasma the ion and clectron concentrations are equal, and the highly mobile
"
o clectrons normally keep the clectric field small. The consequence is that while the
=
- 3 . .
e potential applied to the extraction electrode governs the energy of the ion beam, it
L]
~ has very little effect on the beam current density. Once the jons have entered the
L)
ot plasina sheath, they are aceelerated by the externally applied field, but they come
-
15
. . . . I Y
“ to the sheath from the bulk plasma only with their thermal velocities. Thus the
I"
-},, ' surface density Jy of the jon current enfering the sheath from the bulk plasma is
)
vl .
- approximately
l“ .
= Ji >~ oenguy (5.1)
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3 [Erlandson et al., 1987). Nevertheless, even though these energies are one or two
orders of magnitude greater than the ion thermal energy, it is still the ion thermal
velocity that governs the flux, or current, of the emergent ions, as we shall sce in a

moment.

A source operated as described above produces a broad beam of ions, hut for
many purposes, such as spacccraft propulsion, a directed beam is required. This
means that additional velocity in one direction must be imparted to the ions as they
emerge from the source, and the simplest way to do so is with an electric field. lons
can be extracted from the plasma and accelerated by applying a negative potential

to an external electrode.

Needless to say, care must be taken to ensure that the extracted ions are not all
collected by this electrode. The usual precaution is to employ an electrode with one
or more holes in it, through which the ions pass. In the limit, the electrode can be
a thin mesh grid, the holes in which have a much greater total area than the wires
of the grid, in which case only a small fraction of the extracted ions ends up on the

wires.

There is, however, a limit to the density of the current that can be drawn from the
plasma in this way. On account of the shielding action of the electrons, an electric field

applied to the surface of a plasma does not normally penetrate deeply; its influence
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where ¢ is the elementary charge, n; is the ion concentration in the plasma, and v; is

the ion thermal velocity:

kT;\ 4
v o= (-AT:) (5.2)
Here k is Boltzmann’s constant, 7; is the ion temperature, and M; the mass of an
ion. J; is the maximum beam current density that can be extracted, unless some
method can be found for accelerating the ions within the plasma itself. Some sources
that employ such methods will be desctibed in §5.2.5. First, however, we discuss the

transport of an ion beam extracted from a gas discharge by means of an electric fiel 2.

5.2.4. Beam Transport

We now consider how the quality of the beam can be preserved as it is trans-
potted away from the source. At the outlet from the discharge, the negatively biased
electrode that attracts the ions also repels the electrons, so initially the beamn consists
entirely of ions. Since these repel one another electrostatically, the emerging ion beam
would expand rapidly as it receded from the source, if no steps weére taken to prevent
this from happening. Close to the source, the beam can be focused by electric or mag-
netic fields, but once it has left their influence, the only effective way of preventing it
from expanding is to neutralize its space charge. When the source is being operated
in the ionosphere, neutralization can occur naturally, by influx of ionospheric elec-
trons. This process cannot be relied on, however, unless the ion concentration in the
beam is of the order of or less than the electron concenttation in the ambient plasma.
Moreover, even when natural beam neutralization is feasible, reliance upon it would

still leave the problem of how to neutralize the spacecraft carrying the source.

For these reasons, some of which we already noted in §5.1, arrangements are
often made to neutralize the ion beam artificially as it emerges from the source,
thus transforming it into a plasma beam. The simplest arrangement is to place an
clectrically heated and negatively biased filament in the path of the heam, beyond

the extraction electrode; this hot cathode emits thermal electrons, which neutralize

the beam. If the beam is intense, however, bombardment by the ions may overheat
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and destroy the cathode, Hence it is often better to place the cathode off to one side.

or to use a cathode in the form of a ring surrounding the beam.

Magnetic fields exacerbate the problem of beam neutralization. When the source
is of the type that employs a magnetic field to confine the electrons in the discharge,
care must be taken to keep this field away from the neutralizer, so that the thermaily
emitted electrons are not confined as well. Moreover, even when the beam has escaped
from its source entirely, the Earth’s magnetic field is still to be reckoned with, since
it hinders the neutralizing eiectrons in their attempt to follow the ions. The influence

of the Earth’s field on plasma beam propagation will be mentioned again in §5.3.
5.2.5. Alternative Sources

We now describe briefly various alternative types of plasma. source, all of which
produce a directed plasma beam without using an extraction electrode, and are ca-

pable of yielding ion current densities higher than that given by equation (5.1).

In the type of source known as an electrothermal accelerator, or arcjet, these
results are achieved by means of an intensely hot electric discharge, sustained at
sufficiently high pressure for the gas to be thoroughly collisional [ Tuczek, 1967). An
arcjet is basically a rocket motor in which the propellant is heated electrically instead

of being burned. Usually the propellant is an inert gas, which is both heated and

L)

Y ionized by an electric arc. Since the gas is collisional, it accelerates to supersonic

& speeds, much greater *han the ion thermal speed, as it emerges through the nozzle

S ‘ N - . .

: Yo of the source. Such devices form quite efficient thrusters, but are not very efficient
.. . . o e . .
L".;.; as plasma sources because the propellant gas is only slightly ionized. Their efficiency

VYN : TR :

,. &-»,; as plasma sources can be much improved by using, instead of an inert gas, the vapor

O

. T ‘ . . . . s 3 €

; %.:.-’3.'2 of some alkali metal such as caesium, which has a very low ionization potential (3.9

: \4’ V)i the plasma contactor used in the Araks rocket experiments was of this variety
\‘:b‘ 5

s [Morozov et al, 1978].

A
\-L"l.’ . . .

RRIAN In most of the other types of source that we shall now discuss, the plasina is accel-

: “\Jg‘) crated and formed into a beam by electromagnetic lields acting within the discharge
Bl Vs . . . . . .

=l itsell.  Many different types of source have heen built using this general principle.
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One way of classifying them is according to whether they use static ot time-varying
fields; the latter may be pulsed or oscillatory. We shall consider theése various types

K4

in turn,

In electromagnetic plasma heam sources using static electric and magnetic fields,
these fields fil! the whole volume of the discharge, and the plasmia is expelled by the
j » B motive force. The electric field E is more or less perpendicular to the magnetic
field B at all points; the parallel component of E is relatively small because the
plasma conducts so well in this direction. The design of such a source depends on
the gas pressure at which it is intended to operate, since this variable governs the
electron-neutral collision frequency, and hence the ratio of the transverse direct (or

Pedersen) conductivity to the Hall conductivity.

In sources operating at the highest pressures, the Pedersen conductivity domi-
nates, so the current j is more or less parallel to the electric field E. The simplest
design has the gas flowing in a conduit with a rectangular cross-section. T'wo opposite
walls of the conduit are electrodes, between which an electric field is applied, creating
a discharge and ionizing the gas. The other pair of walls are the poles of an electro-
magnet, or permanent tnagnet, which cteate a static magnetic field perpendicular to
the electric field. The j x B force drives the plasma along the conduit and out of the
end into space. This design of source, sometimes called a ‘Fataday-type crossed-field
accelerator’, may ~c regarded as a classical magnetohydrodynamic (MHD) electric
power generator run in reverse, i.e.. it is being supplied with power and used as a

motor.

A disadvantage of the simple crossed-field accelerator is its lack of axial symmetry,
and this is overcome in a more claborate design known as the ‘magnetoplasmadynamic
arcjet’. Essentially an MPD arcjet is a hollow-cathode discharge source, in which an
arc is struck between a cylindrical rod anode on the axis, and a hollow cylindrical
cathode forming the outer wall of the device. Its distinctive feature is that the current
flowing axially along the anode is large enough to create a strong azimuthal magnetic
field in the discharge space between the anode and the cathode. This azimuthal field,

crossed with the radial discharge current, yiclds the propulsive force along the axis.
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Since this force is proportional to the square of the current, ar MPD arcjet works
best at high currents. The plasma source used in the Japanese SEPAC experiment on
Spacelab-1 was of this kind [Obayashi et al., 1985); a pulsed power supply provided
the very high current required, in pulses 1 ms long. The even more powerful quasi-
continuous source used in the Soviet Aclita rocket experiments was also an MPD
arcjet, with the particularity that the lithium vapor for the plasma was evaporated,
by the heat of the arc, from a button of lithium metal attached to the end of the
anode rod [Dorodnov, 1978; Sagdeev et al., 1981]. Like the straightforward arcjets

mentioned above. MPD arcjets expel much neutral gas along with the jet of plasma,

For producing a plasma jet with relatively few neutrals, the so-called ‘Hall-effect
accelerator’ is superior. its principle, indeed, assumes a discharge plasma in which
collisions between charged and neutral particles are rare. Once again, static electric
and magnetic fields are applied to the plasma in directions petpendicular to one
another. The electric field E, which is created by an extraction electrode, is more
or less parallel to the axis of the device. The strength of the magnetic field B is
such that the particle gyro-radii, in comparison with the dimensions of the device,
are small for the electrons but large for the ions. Hence the electrons are tied to the
field lines, and drift in the direction of E x B, carrying the Hall current. They cannot
move in the direction of E to neutralize this field, as they would if B were not there,

so E permeates the plasma instead of being localized in a sheath at its surface. The

ions, which are almost unaffected by B, are accelerated by E and extracted from the
plasma. The ions formed at different points acquire different kinetic energies from
the electric field, so they cinerge from the plasma widely spread in energy. Since the
plasma electrons cannot follow them, other clectrons have to be fed into the emergent

ion beam from a neutralizer, as was described in §5.2.4.

We shall deal only very briefly with plasina sources in which pulsed or oscillatory
clectromagnetic fields are used to accelerate the vlasma. Most of them rely on the
fact that a time-varying magnetic field cannot readily penetrate into a highly ionized
plasma that contains no magnetic field initially. It is kept out by clectric currents

induced on the surface of the plasma, and their intericaon with the field creates a
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j x B force (the ‘magnetic pressure’) pushing the plasma away from the region of space
occupied by the field. ‘Plasma rail-guns' and ‘conical theta-pinches’ are examples of
pulsed sources based on this principle [ Tuczek, 1967]. In a similar way, ‘traveling-wave
accelerators’ use RF fields to expel a stream of plasma blobs [Heflinger et al., 1965;
Jahn, 1968]. For more complete information about these types of source, the reader

should consult the publications cited.

The pulses or blobs of plasma that these sources emit are often referred to as
‘plasmoids’. If their electric conductivity were perfect, then the magnetic fields that
propel them would not penetrate into them at all. In practice, the plasma has some
resistivity, with the result that partial penetration occurs and the emergent plasma
blobs have some magnetic field embedded in them. With certain types of pulsed
source, suck as the coaxial plasma gun or ‘Marshall gun’ [Marshall, 1960], the oper-
ating conditions can be chosen so that the embedded field is quite large. The blob
then has the form of a torus, with the magnetic field lines winding helically around
the minor axis. The interest of this kind of plasmoid is that it holds itself together
much longer than a blob with no embedded field does; fusion plasma physicists call
it a ‘spheromak’ [Okabayashi et al., 1981; Hammer, 1984]). Such plasma entities were
first produced by Bostick [1956, 1957], who gave the name ‘plasmoids’ to them, but
later the meaning of this term was extended to cover any type of plasma blob, with

or without an embedded magnetic field [Lockner et al., 1985].

5.2.6. Recent Developments

During the past decade, the design of classical gas-discharge plasma sources has
evolved and their performance has improved considerably. Progress up to about the
end of 1979 in the development of sources for electric propulsion has been presented
by Finke (1981). A modern ion thruster, suitable for quasi-continuous operation on
the Space Shuttle, can produce a 10 A beam of 1 keV argon ions for a total power
expenditure of 12 kW [Byers. 1986).

A new incentive to develop very powerful (multi-megawatt) ion beam sources has

been provided by their application to heating magnetically confined fusion plasmas,
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a proceeding that calls for quasi-continuous beams of light ions such as protons or
deuterons, These are converted, by charge exchange, into beams of neutral atoms,
which are able to traverse the confining magnetic field into the heart of the plasma.
There they become ionized again, are trapped by the field, and give up their energy to
the plasma. As an example, a quasi-steady-state (30 s pulsc) source of the duopigatron
type, developed for fusion applications, can produce a 45 A beam of protons or a 33
A beam of deuterons, both at 80 keV [Menor. ¢t al., 1985). Other, quite different
types of ion beam source, producing very intense but very short pulses, have been
developed as alternatives to lasers for the purposes of inertial confinement fusion,

namely compressing and heating the target pellets {Dolan, 1982; Miller, 1982].

More useful for space applications is a type of Hall-effect accelerator that is ca-

pable of producing large quasi-continuous currents at relatively low energies. In this

device, which has axial symmetry, the discharge takes place in the space between two

ARA

insulating coaxial cylinders. An electric field, applied parallel to the axis, extracts

X,

the ions from the discharge; an external cathode supplies neutralizing electrons. The

pe

reason why the device is very efficient as a plasma source is that, within the discharge,
the E x B drift motion of the electrons is in the azimuthal direction, so it does not
carry them to the walls. Some authors use the acronym ACED, for ‘Accelerato~ with

Closed Electron Drift’, to denote this type of source.
P

The development of the ACED was initiated in the USA [Lary et al., 1962; Seikel
and Reshotko, 1962; Cann and Marlotte, 1964; Pinsley et al., 1964; Brown and Pins-
ley, 1965; Grocsman et al., 1965; Janes and Lowder, 1966], but appears to have been
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abandoned here in the mid-1960s, and subsequently it was taken up again in the

USSR [Morozov et al., 1972; Bishaev and Kim, 1978; Dorodnov, 1978; Askhabov et

S
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al., 1981]. An ACED thruster was used to adjust the near-synchronous orbit of one

L&;ﬁ of the ‘Mecteor’ satellites [Artsimovich et al., 1974); thrusters of the same or of a
(‘-5 similar design were used on two later members of the Meteor series [Grebnev et al.,
7:- 1981]. ACED plasma beam sources delivering 4 A of xenon ions at 200 eV were sup-
:q plied by the Soviet participants in the West-German ‘Porcupine’ program of rocket

experiments in the auroral jonosphere [Haerendel and Sagdeev, 1981).

For
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To conclude this review, we should mention several means that exist for creating
a plasma beam in space without using an electric discharge. The simplest means is
to release, in sunlight, a vapor cloud of a readily photoionized metal such as bariunt;
usually this is done by igniting a canister of thermite, or detonating a bomb, contain-

ing some of the metal in question. A directed beam may be obtained by employing a

shaped explosive charge; for instance, a magnetic-field-aligned barium ion cloud re-

leased from a rocket-borne shaped charge in the auroral ionosphere has béen used to

$
¢ iy
nEpp

measure parallel electric fields at altitudes of several thousand kilometers [Haerendel
et al., 1976]. Another way to produce a beam is to release a cloud of barium vapor
from a rapidly-moving vehicle such as a satellite; the newly born ions then possess
the orbital velocity of the vekicle [Heppner et al., 1981]. A related method is to re-
lease a cloud of a neutral gas such as argon, and to ionize it with an electron or ion
beam from a source on the vehicle; a charged particle beam has to be used because

photoionization by sunlight is too slow. Finally, if an ionizable cloud is released in

P

3
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interplanetary space, as in the AMPTE (‘Active Magnetospheric Particle Tracer Ex-

£}
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plorers’) artificial comet experiments [Valenzuela et al., 1986}, it constitutes a beam

bcause the ambient solar-wind plasma is flowing outwards from the Sun at speeds

o
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of several hundred kilometres per second.
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: The suggestion has been made that ion beams are created inadvertently by all
EEE satellites in low Earth orbits, as the result of partial specular reflection of ionospheric
> ‘-:: ions at their forward surfaces, i.e., the parts of their surfaces facing into the direction
;-‘»: of the orbital motion. Relative to the ambient plasma, the reflected ions would have
;_:c’*r twice the orbital velocity of the satellite, and their motion through the plasma might
‘I::?.': give rise to instabilities. It has been suggested that these processes are responsible
}‘5" for the luminous emission known as ‘Shuttle glow’, which has been observed close to
?\ the forward surfaces of the Space Shuttle [Papadopoulos, 1984].
SN
;.\» Be that as it may, a related suggestion has been made by Stenzel [1985] for a way
ff\- in which similar beams could be created deliberately, for experimental purposes, on
?fp,: the future NASA Space Station. His proposal is to erect, outside the Station, a plane
*ﬂ%ﬁﬁ multi-grid clectrostatic probe in the form of a flat panel several metres across. This
;':\"
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panel would consist of a frame supporting a set of several fine metal grids, one behind
the other. It would be facing more or less into the direction of arhital motion of the
Station, and appropriate potentials would be applied to the grids so as to reflect some
of the oncoming flux of ionospheric ions, together with an equal flux of ne stralizing
clecttons; the reflection process would be specular, and the reflection cocfficient could
be adjusted by varying the applicd potentials. The large space directly in front of the
panel would then be filled with an ion beam having well known and precisely con-

trollable characteristics, counterstreaming through the oncoming ionospheric plasma.

The resulting two-stream instabilitics would be accessible to experimental study in

V] quite exceptional conditions of plasma cleanliness and uniformity.
=y
~ X
%5 5.3. Ionospheric Effects cf Ion and Plasma Beams
& y Among the various factors that govern the behavior of a plasma beam travel.g

3-": through the ionosphere in the presence of the Earth’s magnetic field, two of tne
most important are, firstly, the angle between the beam and the magre'" cld, w -
secondly, the beta factor for the beam. For simplicity, most 2,.c - * .z perunents with
plasina beams have been designed to inject the beam either perpendicular or parallel

to the field, so we shall discuss the observed effects under these two headings. The

beta factor, or f, is the ratio of the kinetic pressure of the plasma in the beam to

:%:'. the magnetic pressure of the Earth’s field; it decreases steadily as the beam expands
?;f::: away from the source.
',,"'.: .
_\“ 5.3.1. Beams Injected Perpendicular to the Field

&

~*\
%\'\\: The propagation of a beam of plasma perpendicular to a magnetic field has been
3’: . a subject of interest for many years, both on theoretical and on practical grounds.
o
»1}:".'-; It is of theoretical interest because it is a classical example of how the particle<in a
:.:h\' + . . + . [ .
Lo plasma can behave collectively in ways very different from their individual behavior.
},-\ An individual charged particle launched in a direction perpendicular to the field
L
e moves in a circle, right-handedly around the field for an electron and left-handedly
‘u(; for a positive ion, with the radius appropriate to its charge, mass, and velocity. In
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contrast, a plasma beam is able to travel some distance across the magnetic field in

a straight line, for .ea:n. - that will be discussed shortly.

Theoretical study of the interaction between a plasma beam and a perpendicular
magnetic field was first undertakes by Chapman and Ferraro, in connection with
their classical theory of geomagnetic storms; see Ferraro [1952], and the references
given there to earlier papers, beginning in 1931. These authors considered what
would happen if a beam of plasma emitted from the Sun encountered the Earth’s
magnetic field, At the time when they wrote, it was not known that the Sun emits
plasma continuously in the form of the solar wind, and they conceived of these plasma
emissions as isolated events, rather than as the intensifications of a continous emission
that we now understand them to be. Chapman and Ferraro discovered much of

the basic physics, and initiated the theoretical research on plasma flow around the

’y

magnetosphere that continues to this day, but the relevance of their work to the

Pl S ek 0 P

propagation of artificial plasma beams in the ionosphere is restricted by the fact the

Y LERY,

)

solar wind plasma beam is much wider than the spatial scale of the Earth’s magnetic

field. In these circumstances, the oncoming beam compresses the field on the sunward

side of the Earth, just so long as its momentum flux, or ‘ram pressure’,

Pram = IVAI‘/2 ’ (5.3)

- ’l
:{.‘: exceeds the magnetic pressure
B B}
< Pmag = m . (5'4)

i ' in

HHere N is the ion concentration in the solar wind and M the mass of a solar-wind

ion. so VM is the mass density of the plasma, while NMV is its momentum density,

with V the flow velocity. By is the strength of the Earth's magnetic field, and g is

F, the permeability of free space. \WWhen the field is compressed, By rises until finally the

magnetic pressure becomes sufficient to halt the motion towards the Earth, obliging
the beam to diverge so as to flow around this obstacle. Thus the balance of Prqm and
Pmag governs the geocentric distance of the magnetopause at the stagnation point of

the flow, close to the sub-solar point.
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Much of the foregoing analysis applies to a plesma beam injected into the iono-

L
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LA

sphere perpendicularly to the Farth's magnetic field, even though this is the opposite

-,

ol
=

situation where the width of the beam is much less than the spatial scale of the field.
For the moment, we arc picturing a cylindrical beam of fully ionized plasma moving
in a direction parallel to its axis. The beam will ptopagate only if its ram pressure
exceeds the magnetic pressure, in which case, however, the magnetic ficld lines are

pushed aside by the head of the beam as it advances through them.

Initially, the beam excludes the magnetic field: it is a ‘diamagnetic cavity’. Within
the beam, the plasma exerts its gas kinetic pressure, wheteas outside the beam there
is just the pressure of the magnetic field, neglecting the kinetic pressure of the iono-
spheric plasma which is relatively small. Thus the edge or boundary of the beam,
which is sharp, is a kind of magnetopause. According to whether the plasma pressure
is greater or less than the magnetic pressure, the boundary will expand or coatract to
establish equilibrium [Haerendel and Sagdeev, 1981); most of the plasma sources used

in space experiments have 3 > 1 at their outlets, so initial expansion is the rule.

This statc of affairs is short-lived, however, because the magnetic field diffuses into
the plasma. If the diffusion occurred in a purely classical fashion, through collisional

dissipation of the currents flowing in the boundary, then it would take a time of the

order of

T = Dy, (5.5)

where D is the diameter of the beam and 7 is the classical resistivity of a fully ionized
plasma; to find the expression for n and the derivation of (5.5), see pp. 179-181 and
205-207 respectively of Chen [1984]. Experimentally, however, the magnetic field pen-
etrates into the beam much more rapidly than (5.5) suggests. Evidence to this effect,
from the Porcupine rocket experiments, has been presented by Hdusler et al. [1986a).

‘or the 4 A xenon plasma beam used in these experiments, the theoretical diffusion
time according to (5.5) was about 2.5 ms, whereas the experimental value was about
0.2 ms; the latter was estimated from the observed diamagnetic field perturbation,

which disappeared within less than 5 m from the source. This anomalously rapid
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diffusion is believed to be caused by instability of the currents in the boundary layer,
the unstable waves heing clectrostatic in nature, with frequencies of the order of the
lower hybrid frequency [Mishin el al., 1986a,b]. As the field penetrates into the beam,
the beam expands outwards into the field so as to preserve pressure balance. The end

result of their interdiffusion is a low-beta plasma beam permeated by the magnetic
field.

Independent evidence of anomalously rapid magnetic field diffusion was found in
the AMPTE artificiai comet experiment, which, for reasons explained at the end of
§5.2.6, can also be regarded as a beam injection. In this experiinent, a diamagnetic
cavity about 100 km in diameter was created by releasing a cloud of barium vapor
into the solar wind. The initial motion of the cloud was very curious indeed: during
the first 4.5 m after its formation, it moved perpendicularly to the direction of the
solar wind through a distance of about 500 km beforc heing accelerated downwind.
As soon as the cloud was formed, the interplanetary nagnetic field began to diffuse

hack inwards, and its return was observed by a magnetometer on the vehicle from

o which the cloud had been released. Surprisingly, no very strong electrostatic wave
t’f;‘ activity was observed at the boundary between the field and the cloud, and for the
L
o4

moment the mechanism of their rapid interdiffusion remains obscure [Gurnett et al.,

1985; Haerendel et al.. 1986; Valenzuela et al.. 1986]. Similar results had been ob-

]

3
!

tained previously during the AMPTE solar wind lithium cloud releases [Hausler et

al.. 1986b).

Even when the magnetic field has permeated it completely, the beam or cloud can
continue to travel perpendicularly across the magnetic field. thanks to the collective
action of the plasma particles. Interacting individually with the field, electrons would
be deflected sideways in one sense and ions in the other, but as soon as these processes
start to occur in » beam. free polarization charges appear on the sides of it. These

create an clectric polarization field within the beam, enabling the plasma particles of

both species to continue their forward motion undeflected, as an E x B drift. The
kinetic theory of this form of collective hehavior was begun by Schmidt [1960], who

argued that the condition on which it can happen is that the transverse dielectric
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constant of the magnetoplasma,

NM
¢ = m ) (5.6)
should be much greater than unity; otherwise, the particles execute their individual
motions in the magnetic field. Subsequently Peter and Rostoker [1982] showed that

the stronger condition

e > (M/m)} (5.7)

was necessary, where M and m are the ion and electron masses. Other recent con-
tributors to the theory of the propagation of low-beta plasma beams across magnetic

fields are Treumann et al. [1983], Katz [1984], Treumann and Hiusler [1985), and
Cheng [1987].

Laboratory experiments demonsttating the propagation of low-beta plasma beams
or plasmoids across magnetic fields have been performed by Eubank and Wilkerson
(1961], Baker and Hammel [1965], Lindberg [1978], Wessel and Robertson [1981), and
Robertson et al. [1981], among others. The work described in the two most recent
of these papers demonstrated the relevance of the condition (5.7). It was motivated
by eventual practical applications to magnetic confinement fusion, namely the pos-
sibilities for using charge-neutral ion beams to heat or drive currents in a fusion
reactor, instead of having first to convert them into beams of neutral atoms [Ott and
Mannheimer, 1977]. Even more recently, a series of experiments covering a range of

beta from 0.01 to 100 has been performed by Li et al. [1986].

When a low-beta plasma beam or plasmoid propagates across a magnetic field,
the plasma on its flanks is eroded. The reason is that, while the plasma at the center
of the beam is acted upon by the full polarization field and moves at the velocity
E x B/B?, the plasma in the boundary layer experiences a lesser field so it lags
behind [Crow ct al., 1978; Curtis and Grebowsky, 1980]. Experimentally, the erosion
of a plasmoid traveling across a magnetic field was first observed in the laboratory hy

Bostick [1956]; in space, it was obscrved dramatically in the AMPTE artificial comet
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experiment (Valenzuela et al., 1986). As a result, the beam or plasmoid is dispersed

and ultimately slowed to a halt.

The dispersion and slowing are enhanced if plasina is already present in the mag-
netic field through which the beam or plasmoid is moving, because currents flowing
in this background plasma partially neutralize the space chatges on the flanks, re-
duce the polarization field, and dissipate the kinetic energy of motion [Haerendel and
Sagdeev, 1981; Treumann et al., 1983]. In addition, the intense velocity shear in the
boundary layer may excite a collisionless form of ihe Kelvin-Helmholtz instability,
enhancing the erosion; at Stanford University a Ph.D. student, D. Cai, is now investi-
gating this possibility theoretically, and a 3-D particle simulation of this and related
phenomena is the subject of a pending research proposal by Buneman et al. [1986].
The larger the ratio of background plasma density to beam plasma density, the more
important these effects are likely to be, and in fact they are conspicuous in beam
injection experiments in the ionosphere. In the Porcupine experiments, for instance,
beyond 15 m from the source, electric field measurements inside the xenon plasma
beam revealed a transverse polarization field of only about 10% of the value cortre-
sponding to the initial beam velocity. At these distances, most of the particles were
executing their individual motions in the Earth’s field. The beam electrons, having
gyro-radii of about 10 cm, were virtually ‘frozen’ to the magnetic field lines, while the
ions, with gyro-radii of about 500 m, continued onwards to twice this distance before
turning around. This ion beam, though largely charge-neutralized by electrons from
the background plasma., carried a net electric current of about 90% of the initial 4 A

ion current [Hdusler et al., 1986; Sagdeev et al., 1986).

The separation of the beam electrons from the ions 2ad a number of side-effects,
the first of which was the creation of a system of intense field-aligned currents of
suprathermal electrons. Once the beam electrons had become frozen to the field
lines, the only directions in which they could escape from the vicinity of the source
were up and down these lines. Hdusler et al. [1986] have estimated the current density
ax 140 mA/m? in each of the two directions, which is much greater than ever occurs

naturally. Moreover, the number density of these electrons on the beam axis, at 4 m
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. from the source, must have been about 10% ¢cm=3, which was two to three orders of
T~ magnitude larger than the ambient plasma density [Hdusler et al., 1986]. Thus, when
.i" they emerged from the beam, their space charge could not have been neutralized by
- ions from the ambient plasma, so their mutual electrostatic repulsion would then have
..‘..
’f: accelerated them along the field lines to suprathermal energies. Since the total energy
‘ !4“
a ' (in eV) gained by an clectron was just the potential difference between the source and
- . . . e
- the ambient plasma, the source had to acquire a negative potential in order for such
'* »

.' . . .
-y acceleration to occur. By this means, the cnergy given to the electrons was taken
™
- from the ions in the beam. Provided that this was the only way in which the ions lost
-~ energy, the gain in encrgy by the electrons could be determined by measuring the mean
i*ﬁ . . . . . . . .
o cnergy of the ions and comparing it with its nominal value. In this respect. the data

from Porcupine were inconclusive, but data from the very similar ARCS 3 experiment

(sec Table 2) showed clearly that the sub-payload carrying the source became charged

-
_.::: to a negative potential exceeding half the initial beam cnergy [Erlandson ct al., 1987
bt
:: A quantitative theory of the charging process has yvet to be developed.
-t ™
e
l Independent data supporting this scenario were obtained in the Soviet Aeclita
e
%E: rocket experiments (see Table 2), which involved much more intense plasma beams
ol
o ’ - . .
0 injected more or less perpendicularly to the field [Sagdeev et al., 1981]. On the
= , . o
3 evidence, the diamagnetic cavity extended 1-10 m from the source, then the beam
became electrically polarized and remained so for another 10-20 m, and finally the ions
- continued alone out to a total distance of about 100 m. The beam was so dense that it
i ; could be observed by radar from the ground, and the radar data showed that the cross-
o field velocity of the ions did not exceed 200-300 m/s, compared with 10 km/s at the
- . . . . .
Mt source, which may be regarded in retrospect as evidence of strong negative charging
"".
:3 of the source. Further relevant data were obtained in the Ariel rocket experiments,
Iﬁ\'
) where pulsed plasima sources were nsed [Alerandrov of al., 1981a,b).
d
44
Py The experimental evidence that the electrons in the plasma beam become at-
&
__E. tached to the field lines, soon after leaving the source, raises the question of how the
L d
ion beamn is nentralized thereafter. The fact that it is indeed quasi-nentral is con-
’f‘.") . .
oy firmed by the absence of the strong electrice fields that a non-neutral ion hean would
e,
oy
:.Ab.l
: ,»..‘
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create. Obviously the answer must be that it is neutralized by eclectrons from the
ambient plasma, but this cannot be a simnle process. Under the almost collisionless
conditions of the Porcupine experiment, for instance, ambient electrons attracted by
the positive space charge in the ion beam would be accelerated along the field lines
towards the core of the beam, but on reaching it they would have high velocities,
relative to their thermal velocities, so their momentum would carry them on through
the core and out the other side. Their concentration within the core would actually
be less than in the unperturbed plasma far from the beam. In reality, however, some
process equivalent to collisions, such as a two-stream instability excited by the coun-
terstreaming of the electrons attracted into the beam from the plasma above and
below it, must be acting so as to allow these electrons to become electrostatically

trapped inside the beam, and thus to neutralize it.

If the distribution of the beam ions in space were constant in time, the neu-
tralization of the beam would be a ttansient process, completed very soon after the
source of the beam was switched on. But if the source is modulated, or if the vehicle
carrying it is spinning or is moving through the plasma, which is usually the case,
then neutralization is a dynamic, never-ending process. Continually, electrons ftom
the ambient plasma must flow up and down the field lines, towards points where the
beam ion concentration is increasing and away from points where it is decreasing.
Thus modulation or motion of the beam gives rise to a complicated pattern of field-
aligned currents of thermal electrons, in the region of space formed by the projection

of the ion beam up and down the magnetic field lines.

Since the electrons in the beam are diverted into field-aligned currents within a
few metres of the source, whereas the ions continue out to distances of the order of
their gyro-radius, the currents that these two particle species carry are effectively
dumped into the ionosphere at different points. Thus a perpendicularly injected
plasma beam acts as a current dipole. and if the beam is modulated it should excite
waves. At the lowest frequencies, these would be Alfvén waves. Alexandrov et al. have
suggested that such waves, interacting with and scattering radiation-belt electrons at

energies greater than 40 keV, were responsible for increases observed in the flux of
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such electrons precipitating into the ionosphere, coincident with pulsed plasma beam
injections, in the Ariel 1 and Ariel 2 experiments. Even larger increases in these fluxes,
apparently stimulated by the plasma hecam, were observed in the Aelita experiments
and reported by Sagdecv et al., who, however, preferred the view that that they
were due to ionospheric electrons accelerated by some unspecified collective process

accompanying beam injection.

As the beam ions travel through the background plasma, they excite a variety of
electrostatic plasma waves propagating more or less perpendicularly to the magnetic
field. In the Porcupine expetiments, ion cyclotron harmonic waves excited by the
xenon ion beam were observed at frequencies up to about 16 kHz [Jones, 1981; Kintner
and Kelley, 1981]; they occurred at harmonics of the local proton gyrofrequency, and
were particularly intense around the local lower hybrid frequency. Kintner et al. [1986]
have compared the plasma waves observed, under similar conditions, in the Porcupine
and ARCS series of rocket experiments. In the Meteor satellite experiments, a xenon
plasma beam was injected into the ionosphere in the direction of orbital motion,
and excited intense waves in the 5-20 kHz band [Grebnev et al., 1981]. lonospheric
O% ionms, after having passed through the turbulent plasma beam, arrived at the
satellite with their energy spectrum broadened; this effect became more and more
pronounced as the beam velocity vector approached the plane perpendicular to the
magnetic field. The mechanisms by which these low-frequency waves are generated
are fairly well understood, qualitatively at least [Nintner and Kelley, 1983; Roth
et al., 1983; Hudson and Roth, 1984; Malingre and Pottelette, 1985); weaker waves
accompanying plasma beam injections have also been observed at higher frequencies,
in the whistler-mode frequency band between the lower hybrid frequency and the
electron gyrofrequency [Thiel et al., 1984), and also around the plasma and upper
hybrid frequencies [Potlelelte et al., 1984], but their generation mechanisms are still

uncertain.

Related data from the SEPAC experiment on Spacelab-1 have been presented
by Sasaki et al. [1986]. Whenever the MPD arcjet injected a plasmoid into the

ionosphere, there was a burst of waves with its spectral peak near the lower hybrid
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frequency. Additionally, when the plasmoid was injected in the direction of orbital
motion, and the component of the orbital velocity perpendicular to the magnetic field
exceeded about 6 kin/s, there was an enhancement of local plasma density lasting
several tens of milliseconds. The SEPAC experimenters believe that this was produced
by Alfvén's critical velocity ionization process: the nonlinear waves are assumed to
heat some of the electrons present, which then ionize some of the neutral gas [Alfvén,
1954). The duration of the plasma density enhancement indicates that, before the
neutral gas in question became ionized, it must have been moving with the Shuttle, so
it must have been either atmospheric gas escaping from the payload bay, or neutral
argon emitted by the MPD arcjet. Even after it became ionized, it would have
continued to move with the Shuttle through polarization of the plasma cloud, and
some independent evidence for the existence of the electric polarization field was

found.

Summarizing, the injection of a plasma beam perpendicularly to the Earth’s mag-
netic field modifies the ionosphete by introducing new plasma, by setting up a system
of intense field-aligned currents of suprathermal electrons, and by creating plasma
turbulence, primarily at low frequencies; in some special situations, the turbulence

can lead to electron heating and hence to ionization of the neutral gas.

5.3.2. Beams Injected Parallel to the Field

With the exceptions of Araks and Porcupine, all the space experiments listed
in Table 2 involved plasma beams injected parallel as well as perpendicular to the
Earth’s magnetic field. The most recent series of rocket expcriments, ARCS 1-3,
was planned so as to provide good data for cotnparing the effects of parallel and

perpendicular injections under otherwise similar circumstances [Kintner et al., 1986).

With parallel injection, the initial behavior of the beam just after it has emerged
from the source is much the same as it is with perpendicular injection: at first the
beam expands frecly, pushing the magnetic field before it, but then the field diffuses
back into the hcam faster than classical processes would allow. The subsequent

evolution of the magnetized beam is simpler, however, because: with parallel injection
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o there is no conflict hetween the individual and collective behavior of the plasma
% J
) I3 s . +
% particles. Both the ions and the clectrons can move freely along the field lines, so
E their joint puarallel motion does not lead to any charge scparation. ¥ collisions with
P
3 neutral parti:les and ionospheric ions are negligible, the plasma cloud expands freely
a?” . . . \ . . ‘. .
g in the direction parallel to the field, as into a vacuum, but if collisions are appreciable
’ they slow down the expansion, rendering it diffusive,
J * . . +
B Because the expansion can proceed more fi 'y in the parallel direction than
: "N
. perpendicularly, and because most of the plasma sources used in space experiments
produce rather hroad beams (cone angle 30-60°), it can happen that even in an ex-
g . . . . . . . .
. periment with nominally perpendicular injection, the resulting plasma cloud extends
)
_;, further along the field than across it. In the Aelita experiments, for instance, the
!
L]
= cloud wa~ about | km long compared with 70--100 m in the perpendicular direction;
» . . el s - . .
= the ion concentration within it was about 10% cm=3, substantially greater than in the
- ambient I region.
-
- S
Ry The fact that the electrons and ions in the beam can travel together along the field,
5 with nothing but collisions to stop them. means that a parallel beam injection does
2 not create the system of intense field-aligned currents that a perpendicular injection
[ aly
. does. Correspondingly, the strong negative charging of the source that the ARCS
]
g 3 experimenters observed with perpendicular injection (see §5.3.1) was not observed
i with parallel injection [Erlandson cf al., 1987].
N Plasma heam injections parallel to the field excite low-frequency plasma waves,
- but generally these are weaker than those accompanying perpendicular injections |
3
By [Grebnev et al., 1981; Erlandson et al., 1986). A curious effect apparently related
"'l S TR 3
o to wave excitation was observed in the ARCS 1 rocket experiment and was reported
-, by Moore el al. [1992]: this experiment was performed in the auroral zone, and
» . - -
operation of the plasma gun within an auroral arc produced striking enhancements
I-‘.
; in the natural fluxes of precipitating electrons at energics below 1 keV. These data
=N
4 . . . +
) can be explained by assuming that all downcoming energetic electrons had been
=
> accelerated by a parallel electric field in the plasma above the rocket, and the most
A 1
’ plausible means for creating such a field appears to be anomalous plasma resistivity
o
N
>
o
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e due to small-scale turbulence. The anomalously enhanced resistivity would offer an
obstacle to the local auroral current, the major part of which is assumed to be directed
upwards in the conventional sense, and carried by downcoming thermal electrons
which, nnlike the more energetic ones, are strongly scattered by the turbulent waves,
Becanse the enhancements of the energetie electron fluxes were equally strong for
parallel and for perpendicular beam injection, Naufmann ot al. [1985] have argued
that the instabilitics leading to plasina turbulence were created not by the ion beam,
but by the associated system of field-aligned electron currents; this must be regarded
as uncertain, however, since the later results from the ARCS 3 experiment suggest
that that these field-aligned currents also are weaker for parallel injection, as already

mentioned [Erlandson et al.. 1987].

Many laboratory experiments on the propagation of plasma beams parallel to
magnetic fields were made in the 1960's. to investigate the possibility of filling mirror
or cusp fusion machines with plasma by injecting it through the open ends [Tuck,
1939: Gilleo. 19615 Scott and Voorhes. 1961, Jensen. 1968]. A more recent series of
experiments. concentrating on the physics of the interaction between the plasma and
the field. was carried out by Robe rison [1981, 1983], who showed that high-beta beams
can be guided, focussed. and compressed by axial magnetic fields. In general, the
hehavior of a plasma beam close to its source is easier to investigate in the laboratory
than in space. and this is particularly true of beams injected parallel to the field,
since, unlike perpendicularly injected beams, they do not result in the production
of licld-aligned currents; these. when they encounter the walls of the experimental

device, might cause the beam to behave differently than it would in space.

5.4. Possible Future Experiments

Some suggestions are made below for future ionospheric modification experiments
that could be performed using either rockets, or a Space Shuttle, or the future Space
Station. whichever is available and is the most appropriate. The experiments have
been divided into two categories, low-heta and high-beta, As mentioned above, the

plasina beams used in all previous experiments of this kind have had 8 < 1, except
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S: very close to the source, There have been many such experiments, so it is less easy

to suggest new ones at low beta than at high beta; the latter, however, would require

the development of new and powerful plasma sources.
5.4.1. Low-beta exrperiments

Let us begin by examining the possibility of using plasma beams to produce

J-{;{'-““'g' L ¥ '

new ionization in the lower ionosphere, cspecially artificial plasma density structures

8 like those that can be created by energetic electron beams, as described in Section
"-‘ 3. New ionization would be produced by collisions between ions in the beam and
’ ‘g . * . » . L3
L neutral atmospheric particles. In terms of new ionization produced per joule of ener
. J 34
t expended, energetic ions are no more and no less efficient than energetic electrons:
g in either case, the energetic particle loses about 35 eV per electron-ion pair created
% Banks and Kockarts, 1983]. Moreover, the ionization ctoss-sections for energetic
& g
%‘ electrons and positive ions are more or less the same if particles of the two species are
%’j compared at the same velocities. These statements, however, refer to electrons with
A energies above about 300 eV, in comparison with protons above about 0.5 MeV, or
A g
S with heavier ions above even higher energy thresholds, proportional to their masses.
s
i\\’: There is a dearth of information in the literature about the production of ioniza-
e

tion by ions with lower energies. However, Ishimoto et al. [1986) have considered the

L,
R
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possible ionospheric effects, including ionization, that may be produced by energetic
O* ions precipitated from the ring current, and having energies in the range 0.7-20
keV; such energies could be attained by artificial plasma sources. These authors find
that over 80% of the enetgy of the precipitated ions is lost as heat in the neutral

atmosphere, and that the proportion of the energy that actually goes into producing

new ionization is 4.6% at 20 keV but only 2.3% at 2 keV; the ionization rate peaks

at about 200 km altitude.

At still lower cnergies, positive ions from a plasma source are even less efficient
at producing new ionization, but on the other hand the injected plasma itself can

constitute a significant ionospheric perturbation. In the Soviet Aelita experiments, for
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instance, the density of the injected plasina clond was at least an order of magnitude
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BAR greater than that of the ionospheric plasma at the same altitude, ro it was reaqily
observable by radar (sec §5.3.1), Conceivably, a pulsed plasma beam could be used to
produce periodic plasma density structures, similar to those that Banka and Gilehrist
[1985] have suggested might be produced by means of pulsed electron beams. This
procedure would enable such structures to be produced at higher altitudes; assuming

plasma injection parallel to the maguetic ficld, they would extend from the altitude

of injection to a distance of the order of the ionic mean frec path.

We turn now to possible future cxperiments in the lineage of the Porcupine,
ARCS, and SEPAC experiments described in §5.3. Among the many effects that
plasma beam inje~tions were observed to produce in these experiments, the following
are by no means well understood: charging of the vehicle carrying the source; charge-
neutralization and depolarization of the beam; instabilities of the beam-ionosphere
interface, and erosion of the flanks of the heam; gencration of whistler-modé and

high-frequency waves. These particular effects cannot, perhaps, be classed as ‘iono-

Kddexsd wdun Sl ay

spheric modification®, but others related to them, and equally in need of clarification,
certainly come under this heading. Examples are the creation of a system of field-
aligned electron currents, and modification of the spectrum of low-energy (< 1 keV)

electrons precipitating into the auroral ionosphere; from §5.3.2, it will be recalled that

B ¢ evces

anomalous resistivity due to beam-induced plasma turbulence has been suggested as

5‘;‘ the cause of the electron energy spectrum modifications, and this plasma resistivity
bj enhancement, if it exists, could also be considered as an ionospheric modification.
e

_ “ In considering the possible directions for future ionospheric modification exper-
E: iments using low-beta plasma beams, there is, perhaps, a lesson to be learned from
g: cxperiments with electron beams. Though very many such experiments had been per-
:'? formed previously with rockets (many more than »re listed in Table 1, which refers
::;: only to experiments at energies from 10 keV upwards), the Spacelab-2 experiment,
%3 in which the Shuttle carrying the electron gun circled around the free-flying Plasma
e\: Diagnostic Package (PDP), produced numerous original results, particularly concern-
-i-‘* ing the mechanisms of wave gencration [Gurnetl et al., 1986). This consideration
SSS suggests that a similar experitent using the Shuttle and the PDP, but with a plasma
s
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beam source in place of the clectron gun, might be equally helpful in clarifying the

ionospheric effects of plasma injections.

In this connection, a need exists for the development of new diagnostic instru-
ments, capable of mecasuring plasma properties that are not presently accessible. One
example is the local ficld-aligned current density, which should be measured in support
of the study of beam neutralization processes, and also for evaluating perpendicularly-
injected plasma beams as potential sources of Alfvén wave radiation (see §5.3.1). An-
other is the resistivity of the plasma, measurements of which are needed in order to
test one theory of the origin of beam-induced enhancements of low-energy auroral
electron precipitation (see §5.3.2). Instruments for measuting field-aligned current
density [Storey and Thiel, 1978; Illiano and Pottelette, 1979] and plasma resistivity
[Storey and Malingre, 1976] have been designed, and preliminary tests of them have
been made in space with encouraging results [Storey and Cairo, 1983; Storey and
Thiel, 1934], but further development is needed before they can be considered as
operational; the sensor system required for the resistivity measurement is little more
than a pair of crossed double-sphere dipoles, with which the existing PDP is already

equipped.

The experiments proposed above could be performed from the future Space Sta-
tion as well as from the Shuttle, and indeed better because of the higher power
available. The ingenious proposal by Stenzel [1985], mentioned at the end of §5.2.6,
should also be borne in mind. Some of these experiments would require a fre -flying
PDP to measure the resulting ionospheric modifications; clearly, for use with the

Station, the PDP would have to be maneuverable.

5.4.2. High-beta experiments

The experiments to be proposed in this category are, for the most part, novel,
at least in the sense that none like them has been performed before in low Earth
othit. lndeed, the means to perform them have not been available. Natural plasina
has 8 < 0.5% in the jonosphere, Artificial plasma beams have # < 1, except within

a few metres of the souree, for presently available sources and for the magnetic field
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strengths that exist in the ionosphere. Ou the other hand, a few high-beta plasma
experiments have been performed most successfully in space, notably the AMPTE
series mentioned in §5.2.6 and §5.3.1., but for this it was necessary to go much further
away from the Earth, where the natural magnetic fields are very much weaker. Our
suggestion is that, with the aid of new plasma sources, equivalent experiments could
be performed in the ionosphere from the Space Shuttle or, preferably, the Space

Station.

The need for new plasma sources follows from considerations of scaling, which
we can illustrate by examining the possibility of scaling the AMPTE artificial comet
experiment [ Valenzuela et al., 1986] down from the solar wind to the ionosphere. In

this experiment, the plasma source was a barium canister, which released about 2 kg

RERSAAr  ARNRNES _ARESAERE PR UNE S LY

of neutral Ba atoms. This neutral Ba vapor cloud expanded at a velocity estimated

2: as 1.35 km/s, while becoming ionized by solar radiation on a time scale of ~30 s. The
?.'E resulting plasma cloud, containing about 10%® Ba* ions, then continued to expand,
m pushing away the interplanetary magnetic field before it. On the sunwatd side and
- on the flanks of the cloud, the magnetic field was compressed as a result of ‘draping’
3 of the field lines, which occurred because the speed of the solar wind was faster than
‘\ the Alfvén speed. The cloud attained its maximum diameter of ~100 km after ~60 s,
i when there was approximate balance between the kinetic pressure of the Ba* ions and
: the magnetic pressure of the compressed interplanetary field, which was measured as
i 120-130 nT [Liihr et al., 1986]; prior to the barium release, its unperturbed value was
3 10 nT. From then on, the magnetic field penetrated back into the cloud at a speed
= of ~4.5 km/s, which is much faster than it could have done by classical diffusion.
-;{: Though the mechanism of fast penetration is not yet understood, Haerendel et al.
;3", [1986] have assumed that it is related to the so-called ‘snow-plow’ process [Krall and

Trivelpicce. 1973), for which the velocity would be

2B,
Viope

(5.8)

'l.‘c‘P =

LLLLLLL

o

where B is the magnetic field strength, p is the mass density in the cloud, and the

‘.s

subscript ‘¢’ refers to the compressed values. This formula yields a value in good
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agreement with the observed one, so we shall adopt it as a basis for our scaling.

For the sake of argument, let us assume that, in low Earth orbit, a manageable
value for the final diameter of the cloud would be 100 m, instead of the 100 km
attained in the solar wind. Provisionally, however, we shall leave all the other aspects
of the experiment unchanged, so as to see what conclusions this leads us to. Thus we
take the plasma cloud to be formed of barium ions, expanding initially at 1.35 kim/s,
in which case it would attain its assumed full size after 37 ms. In the ionosphere,
satellite orbital velocities are sub-Alfvénic (the minimum value of the Alfvén velocity,
which occurs at the level of maximum density in the F region, is about 130 km/s),
so the magnetic field at the surface of the cloud would not be compressed by more
than a factor of 2; we take the compressed field to be B, = 5 x 10~5 T. Assuming
that, momentarily, the magnetic field is wholly expelled from the volume occupied by
the cloud, the energy required to create this diamagnetic cavity is 520 joules. Using
the formula on p. 701 of the paper by Valenzuela et al. [1986], the total mass of
barium in the cloud is estimated as 2.85 x 10~4 kg, and correspondingly the total
number of barium ions is 1.25 x 102!; the mass density is p. = 5.5 x 10~10 kg/m83,
and the number density 2.4 x 1015 m=3. As soon as the cloud had been formed, the
compressed magnetic field would start to return. According to (5.8), the field would
penetrate into the cloud at a velocity vsp = 3.8 km/s, so it would reach the center
in 13 ms. Since this penetration time is less, by a factor of ~ 3, than the expansion
time, it is questionable whether indeed a diamagnetic cavity would be formed, though
the figures certainly imply that the magnetic field would be reduced significantly at
the center of the cloud; however, since we are unsure of the mechanism of penetration
and even more so of its scaling laws, we should regard all these figures as provisional

and leave the question open.

This scaled-down version of the AMPTE artificial comet experiment would re-
quire only quite rcasonable amounts of matter and energy, but in one crucial respect
it is clearly infeasible: the material from which the plasma cloud is formed cannot be
neutral barium vapor, since the time required for barium atoms to become photoion-

ized in sunlight (sce above) is much longer than the time of expansion of the cloud.
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The AMPTE experiment itself was marginal in this respect, which worsens as the
spatial scale is reduced. Hence the key to scaling the experiment down is to replace
the impulsive source of ionizable neutral vapor by an impulsive source of fully ionized

plasma.

Unfortunately, however, none of the plasma sources described in §5.2 has the
spherical symmetry that the experiment requires. Two courses of action ate therefore
open to us: either we envisage the use of a completely new type of plasma source, or
we change the design of the experiment so that one of the previously described types

of source could be used. We shall now consider these two possibilities in turn.

Laboratory experimenters have already devised at least one way of creating, al-
most instantaneously, a spherically symmetrical cloud of fully ionized plasma. This
is the method used in experimental research on inertial confinement fusion, and it
consists of ionizing a pellet of some suitable material by irradiating it with an intense
burst of electromagnetic energy from a powerful laser. By this means, but with less
intense laser beams than are required for fusion research, some experimenters have
already demonstrated the formation of diamagnetic cavities in magnetic fields [Kit-
sunezaki et al., 1974; Pechacek et al., 1980]. In both of these sets of experiments, the
pellet was made of solid deuterium, which is the material favored in fusion research,
and fully diamagnetic (3 3> 1) cavities were formed. In the more recent of the two
sets, the pellet was a cylinder of D3 ice, 1 mm long and 1 mm in diameter, and the
plasma was formed from it by two-stage laser irradiation. First it was vaporized by
a pulse from a 100 joule (J) neodymium-glass lascr, and then, 2 us later, it was ion-
ized and heated by another pulse from a 1 kJ gain-switched CO; laser. Holographic
interferometry showed that the resulting plasma contained about 2 x 10!? electrons,
which corresponded closely to the number of atoms originally in the pellet, and con-
firmed that the ionization was almost 100%:; the velocity of expansion of the plasma
was about 7 x 10* m/s. The applied magnetic field was about 0.2 T, but it was
non-uniform, being designed so as to confine the plasma and prevent it from reaching
the walls of the vacuum chamber; the expanding plasma cloud attained its maximnum

diameter of about 30 cm after about 2 ps. The number of ions in this laboratory
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4
3 plasma cloud, and the energy required to create it, were similar to those for the cloud

created in space by the MPD arcjet in the SEPAC Spacelab-1 experiment (see §5.1).

Accordingly, it is interesting to see what sized cloud would be preduced if this
laboratory experiment were to be transposed to space as it stands. By inserting

the figures from the last paragraph into the argument developed earlier, in the next

paragraph after the equation (5.8), we find that the plasma cloud would expand to

™,

a maximum diameter of 86 m in 0.6 ms; the plasma density would then be 6 x 10!3
-3

]
A

m™*, corresponding to a plasma frequency of about 70 MHz, so this artificial plasma

cloud would constitute a major ionospheric modification. Its size would be much the

23 _ 2

L4

same as we had envisaged for our scaled-down version of the AMPTE experiment:

| A

<

increasing the diameter to our nominal 10" m would require the mass of the pellet
and the energy of the laser pulses to be increased by 60%. On the other hand, the
expansion of the deuterium plasma cloud would be much faster than that of the
barium cloud that we were considering earlier, which is partly because the deuterium
ions are lighter, but mainly because the laser-produced plasma is hotter. The rapidity
of the expansion ensures that a true diamagnetic cavity would be formed, and even

0.6 ms is a sufficient time to allow good measurements to be made by a PDP inside

the cloud.

Thus, using laser-produced plasma clouds, it seems entirely feasible to perform
AMPTE-type experiments in low Earth orbit. A typical experiment might proceed

as follows. A pellet of ionizable material is ejected from the main spacecraft, and its

RRLEEEN ML R

subsequent motion tracked by lidar. When the pellet has reached a suitable position

,g in relation to a free-flying PDP, it is vaporized and ionized by pulses from a high-
- power laser system. The PDP then measures the dynamic phenomena associated with
0 the evolution of the plasma cloud, and relays the data back to the main spacecraft. A
!:1 low-power radar mounted on this spacecraft measures the radius of the cloud versus
I:ﬁ . . 13 1 . .
u time after firing the lasers. Such an experiment could be performed either from the
=)
:,-: Shuttle or from Space Station.
15
™
. A preliminary design study. including some laboratory research, would be required
'\‘ »
“u 3 . . . .
o in order to determine the best conditions for this experiment. The laboratory effort
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would be aimed at finding the best combination of laser and pellet, and the question
of how to eject the pellet should also be addressed. Devices have been built that
accelerate pellets of solid hydrogen or deuterium to speeds of up to 2 km/s; they are
intended for fueling magnetic confinement fusion reactors such as tokamaks [Combs
et al., 1986; Honig et al., 1986; Schuresko, 1986]. However, these materials would
be inconvenient to manipulate in orbit, and should be avoided unless hydrogen or
deuterium plasmas are specifically required, so thought should be given to the choice

of an alternate material for the pellet. With plasmas formed from heavy atoms, the

expansion of the cloud would be slower, so there would be more time to perform the

::'( diagnostics; moreover, with a suitable choice of pellet material the cloud might be
:'»é visible, either by scattered sunlight, or at hight by illumination from the spacecraft.
f": The scientific objectives of such an experiment would be similar to those of
"; AMPTE itself, namely to investigate the phenomena that occur when a high-beta
33 plasma cloud is created within a pre-existing magnetoplasma. These include the mo-
i.,v: tion, deformation, and dispersion of the cloud, the formation of a diamagnetic cavity,
and the non-classical penetration of the magnetic field back into this cavity. They
are relevant to cometary physics, and have other applications as well.
Now, however, we shall address the question of whether some of these objectives,
‘ and in particular the clarification of the mechanism of magnetic field penetration into
:-“I a high-beta plasma, could not be achieved in differently designed experiments, using
“r}': plasma sources of more conventional kinds such as those described in §5.2.
!

The difficulty about studying magnetic field penetration is that it is often a tran-
sient process, taking place so rapidly that there is insufficient time for making detailed

diagnostics. Now, one general experimental approach to transient phenomena (much

' used, for instance, in measuring the rates of rapid chemical reactions) is to study

ﬁ them in a flow. By this means, rapid temporal variations are transformed into spatial
0] — . .

% variations along the flow. In the present instance, this means that we should study
r

magnetic licld penetration by examining the question of how a field penetrates into a

flowing plasina, i.e., a beam. Of course, such experiments would have to be performed

L SELAE g5 o

under high-beta conditions, meaning that the beam, as it emerges from its source,
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must be sufficiently dense and sufficiently energetic to exclude the field altogether.
Such conditions were indeed created in the Aelita and Porcupine rocket experiments
(see §5.3.1). In those experiments, however, the beams were injected into the iono-
sphere perpendicularly to the magnetic field, and the penetration was so rapid as to
be complete within a few metres of the source. In the Aelita experiments, no provi-
sion appears to have been made for measurements in this region of space, while in
the Porcupine experiments, the plasma source was on a sub-payload ejected from the
main payload at ~3.5 m/s, so there was very little time for such measurements. It
would be worthwhile to perform similar experiments with better diagnostics in the
region close to the source, and even more so, to perform some new experiments with

beams injected parallel to the field.

Assuming a Shuttle-borne experiment, with a high-beta plasma beam source
mounted on a pallet and directed perpendicularly to the Earth’s magnetic field, the
best way to investigate the penetration of the field into the beam would certainly be
by means of an instrument package on the end of the Remote Manipulator System
(RMS). One of the lessons learned from the electron beam experiment on Spacelab-2
is that a free-flying PDP, while an excellent device for making measurements a few
hundred metres from the Shuttle, is unhelpful for invectigating phenomena such as
BPD that may occur within a few metres of the source. Of course, the PDP itself
was mounted on the RMS during the Shuttle STS 3 mission in March 1982, and was

indeed used for just this purpose [Shawhan et al., 1984]. However, its instrumentation

was not entirely suitable; for instance, the electric field antennas were larger than the
wavelengths of some of the electrostatic waves that are thought to be a feature of
BPD. Accordingly, plans for the future Space Plasma Labotratory mission call for an
instrument package dedicated to this investigation [Emanuel, 1986); it will be picked
up from the pallet by the RMS, which is 15 m long, and thereby maneuvered through
and in proximity to the electron beam. We are now suggesting that a similar dedicated
package should be used, in conjunction with the RMS, for experiments on magnetic
field penetration into a high-beta plasma beam propagating perpendicularly to the

field; the fact that the orbital velocity of the Shuttle is not negligible compared with
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the velocity of the beam places constraints on the choice of Shuttle orbit, in order
for it to be possible to satisfy the perpendicularity condition simultaneously for the
direction of the axis of the beam and for the direction of motion of the plasma within

it, which requires that the Shuttle itself be moving perpendicularly to the field.

Needless to say, such experiments also could and should be petformed with the

beam directed parallel to the magnetic field; here the considerations just evoked imply

:j that the Shuttle would have to be in an orbit of high inclination, and the experiments
':{; performed at low latitudes, at places where orbital motion is parallel to the field.
H With parallel injection, however, the magnetic field is likely to penetrate the beam
:a: more slowly than it does for perpendicular injection, and its penetration may be
EE accompanied by filamentation of the beam at long distances. Hence the phenomena
::: of interest would extend further from the source, and should be explored by a free-
;_:, flying PDP as well as by an instrument package on the RMS.

:;? In the foregoing paragraphs, we have focused our attention on magnetic field
- 3 penetration, but clearly all the other phenomena associated with plasma béam prop-
- agation in the ionosphere, as described in §5.3, need to be investigated for high-beta
::: beams as well as for low-beta ones.

e

~~ A sine qua non for all the proposed experiments with high-beta plasma beams
:__ is the availability of suitable plasma sources. Such sources can be and have been
:{; built (see Table 2), but not in the USA, where the effort has been directed more
2“-}: towards the development of plasma thrusters for spacecraft propulsion, with some
::':' work also on plasma contactors for spacecraft neutralization. Sources developed for
:‘.‘;4 these purposes are not necessarily appropriate for space experiments on high-beta
::_vf plasma beams, so there there is an urgent need for research and development on
;E space-qualified, high-power, high-beta plasma sources.

1;: An investment in high-beta plasma research in low Earth orbit might yield unex-
'{;.'. pected dividends. It is a commonplace that over 99% of the matter in the universe
:%-}; is in the form of plasma, but perhaps it is less widely appreciated that almost all of
5;; this plasina has g > 1: natural low-beta plasmas such as exist in Earth’s ionosphere
,;“::-' are relatively rare. The solar wind plasma in interplanetary space has g ~ 1, but
S
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since its flow velocity is so much higher than the ion thermal velocity, it behaves as
a high-beta plasma in all phenomena engendered by its encounters with the planets
(such as as bow shocks and magnetopauses, or the ionopause in the case of Venus,
which lacks a magnetosphere since it has no intrinsic magnetic field, but has a high-
beta ionosphere instead), with comets (bow shocks, plasma tails), and ultimately
with the interstellar gas (heliopause). In interstellar clouds, such as those in H-1 and
H-II regions, B = 10 is typical. There are even natural examples of narrow beams of
high-beta plasma, some emerging from compact stars within our own galaxy, others
from the nuclei of remote, more active galaxies [Blandford, 1986). While it is doubtful
whether such large-scale phenomena could be modeled realistically in low Earth orbit,
it is conceivable that some aspects of them could be, and, more generally, any deeper
understanding of high-beta plasma physics that could be gained from experimental

research in low Earth orbit might well prove to have wider applications.

5.5. S3ummary of Proposed Experiments

5.5.1. Artificial Plasma Density Structures

The usc of a plasma beam, instead of the electron beam proposed by Banks and

Gilchrist [1985], should enable such structures to be created at higher altitudes.

This experiment, and most of the others summarized below, need prior laboratory

work to develop a suitable high-power plasma source.

5.5.2. Low-Beta Plasma Beam Dynamics

The broad objective of these experiments would be to investigate the phenomena

-ra

IR W L

™ associated with plasma heam propagation through the ionospheric magnetoplasma,

;3 which include:
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I o Penetration of the Earth’s magnetic field into the initial high-beta beam;

-
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o Acceleration of the beam electrons to suprathermal energies, and their diversion
9 ’

o *

té": into field-aligned currents;

o
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e Neutralization of the beam ions Ly ionospheric thermal electrons;

o Generation of clectrostatic and clectromagnetic waves (Alfvén, ion cyclotron,

lower hybrid, whistler-mode, high-frequency);
o Creation of anomalous plasma resistivity.

For the sake of continuity with the majority of the previous rocket experiments,
the initial Shuttle experiments now proposed should emphasize beam propagation

perpendicular to the magnetic field.

The method of investigation would consist essentially of repeating the Shuttle
Spacelab-2 electron-beam experiment, but with a plasma source in place of the elec-
tron gun, and with improved diagnostics. The latter would include a small RMS-
mounted instrument package, designed for measuring the properties of the beam neat
to its source. The instrumentation of the free-flying PDP should include devices for
measuting plasma resistivity and field-alighed current density; these require further
development, which may call for some rocket experiments as well as for laboratory

work.
5.5.3. Two-Stream Instabilities

This proposal is due to Stenzel [1985]. Its objective is to create, in a large volume
(many tens of m3) of uniform space plasma, well controlled conditions favoring the
excitation of ion-ion interstreaming instabilities, and to measure the properties of the

resulting plasma turbulence.

This experiment is proposed for Space Station. It would involve erecting a large
flat multi-grid electrostatic probe facing into the ram direction, and biasing the grids
in such a way as to reflect a known proportion of the bncoming ionospheric plasma.
Diagnostics would be performed by an instrument package mounted on an RMS, plus

eventually an instrumented free-flyer.
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5.5.4. High-Beta Plasmoid Dynamics

These experiments would be low-altitude analogs of the AMPTE artificial comet

experiments, and would have the same scientific objectives, especially the study of

RRERS A ARAME L

the non-classical penetration of a magnetic field into a high-beta plasma.

b

ad

g The basis of the experimental method is the sudden formation of a fully-ionized
::: plasma cloud by laser irradiation of a pellet ejected from the Shuttle or from the
=
= Space Station. A preliminary study, including laboratory experiments, is needed to
e identify the most suitable combination of laser and of pellet material, and to develop
Q the pellet ejection system. Diagnostics would be accomplished by a free-flying PDP,
)
';E and by a radar mounted on the main spacecraft.
-
B
é} 5.5.5. High-Beta Plasma Beam Dynamics
:: These experiments would be similar in design to those proposed in §5.5.2, with
e

-

the difference that they would require the use of a plasma source of much higher

s

Sk ARAARAR oS

powet, which has yet to be developed in the USA. Their scientific objectives overlap
those of §5.5.4, inasmuch as the main one is to clarify the mechanism of magnetic field
penetration into a flowing high-beta plasma. For this reason, the initial experiments
should emphasize beam propagation parallel to the magnetic field, a situation in which

field penetration is probably a simpler and slower process than it is for perpendicular

- propagation.
2 5.6. References
5'?0 . .. ..
;j Alexandrov, V.A., et al., Energetic electron fluxes stimulated wita pulsed injection of
3% plasma in the ionosphere, Adv. Space Res., 1(2), 141-145, 1681a.
Alexandrov, V.A. et al., Structure of plasma blobs injected into the ionosphere from
"'s a rocket, Adv, Space Res., 1(2), 147 151, 1981b.
o
% Alfvén, H., On the Origin of the Solar System, Clarendon, Oxford, 1954.
ey
J Artsimovich, A.V., ¢t al., Development of a steady plasma engine (SPE) and its usc
:: on a ‘Meteor’ artificial satellite, Cosmic Res. Engl. Transl., 12, 414-429, 1974,
=
e
<2

S EREANE R R R R B R AT REERE, ..‘*:s:
N R N A e
:n *EU)‘A oo A a“-a B IP R u,.—,[u’?x,'\‘f,tmle'm u",utf ..)u:*‘ h‘J’ 3 ,ul' h"u ;{‘«.

{;‘\ &
}

g.:'

Y



= UALTIARL AL - TR )]

\
MOASE

"

132

Askhabov, S.N., et al, Plasma jet from a stcady-state Hall electron accelerator,
Sov. J. Plasma Phys., 1, 125-128, 1981.

Baker, D.A., and J.F. Hammel, Experimental studies of the penctration of a plasma

stream into a transverse magnetic field, Phys. Fluids, 8, 713-722, 1965.
Banks, P.M., and G. Kockarts, Aeronomy, Part A, Academic, New York, 1973.

Banks, P.M., and B.E. Gilchrist. Artificial plasma density structures produced by
energetic electron beams from rockets and spacecraft, Geophys. Res. Lett., 12, 175-
178, 1985.

Bishaev, A.M., and V. Kim, Local plasma properties in a Hall-current accelerator with
an extended acceleration zone, Sov. Phys. Tech. Phys. Engl. Transl., 23, 1055-1057,
1978.

Blandford, R.. Hydromagnetic aspects of active galactic nuclei, in Magnetospheric
Phenomena in Astrophysics, edited by R.1. Epstein and W.C. Feldman, American
Institute of Physics, New York, pp. 24-44, 1986.

Bostick, W.H., Experimental study of ionized matter projected across a magnetic
field, Phys. Rev., 104. 292-299, 1956.

Bostick, W.H., Experimental study of plasmoids, Phys. Rev., 106, 404-412, 1957.

Boswell, R.W., Very efficient plasma generation by whistler waves near the lower

hybrid frequency, Plasma Phys., 26, 1147-1162, 1984.

Brown, C.0., and E.A. Pinsley, Further experimental investigations of a cesium Hall-

current accelerator, AIAA J. J, 853-859, 1965.

Buneman, O., J.”' Siambis, and L.R.O. Storey, Plasmoid Equilibrium and Propa-
gution in the Eroatmosphcric Environment, Proposal submitted to the Innovative

Science and Technology Office, Strategic Defense Initiative Organization, July 1986.
Byers, R.C'., Private communication to L.R.O. Storey, 1986.

Cann, G.L., and G.L. Marlotte, Hall current plasma accelerator, AIAA J, 2, 1234-
1241, 1964,




W

e

F

2t

2

e

-

e

i

k

1

“i e

o

D

1

¥

133

Cambou, F., et al., General description of the Araks experiments, Ann. Géophys.,
36, 271-283, 1980.

Chen, F.F., Introduction to Plasma Physics and Controlled Fusion — Volume I:
Plasma Physics, Plenum, New York, 1984,

Cheng, AF., Transverse deflection and dissipation of small plasma beams and clouds

in magnetized media, J. Geophys. Res., 92, 55-63, 1987,

Combs, S.K., et al., Operation of a repeating pneumatic hydrogen pellet injector on

the Tokamak FFusion Test Reactor, J. Vae. Sei. Tech., A4, 1113-1117, 1886.

Crow, J.T., A.T. Forrester, and DD.M. Goebel, lon beam propagation across magnetic
fields, in Low Energy lon Beams 1977, edited by K.G. Stephens and J.L. Moruzzi,

p. 228, American Institute of Physics, New York, 1978.

Curtis, S.AL, and JML Grebowsky, Energetic ion beam injection and solar power

satellite transport. J. Geophys. Res., 85, 1729-1735, 1930.
Dolan, T.J., Fusion Rescarch, pp. 501-515, Pergamon, New York, 1982,

Dorodnov. A.M.. ‘Technical applications of plasma accelerators, Sov. Phys.

ceci, Phys., 23. 1058-1065, 1978.

Emanuel, W., Space Plasina Laboratory configuration assessment, Oral presentation
at the SPL Investigators’ Working Group Meeting. NASA Marshall Space Flight
Center, 22-23 September, 1986.

Erlandson, R.L., ¢! al., Argon ions injected parallel and perpendicular to the magnetic
field, in fon Acceleration in the Magnetosphere and lonosphere, edited by T. Chang,
pp. 201-205, American Geophysical Union, Washington, Geophysical Monograph
No. 38, 1986.

Erlandson, R.E.. «f al., Initial results from the operation of two argon ion generators

in the anroral ionosphere, J. Geophys. Res., 92, 4601 <1616, 1987,

Fubank, ILP. and ‘T.D. Wilkerson, Plasma motion in a curved magnetic field, Phys.

Fluids, 4. 1107 11 1961,




131

Ferraro, V,C.A., On the theory of the first pliase of » geomagnetic storm: a new
illustrative calculation based on an idealised (plane not cylindrical) model field

distribution. J. Geophys. Res., 57, 15-49, 1952,

Fiala, V., A diamagnetic eylindrical equilibrinm ol jons injected into a magnetized

plasma, simulating controlled space experiments, Plasma Phys., 23, 347-356, 1981,

Finke, R.C. (L), Electrie Propulsion and its Applications to Spaec Missions, pub-
lished as Progress in Asvonautics and Astronaulics, 79, American Institute of Aero-

nautics and Astronautics, New York, 1981,

Gilleo, M.A., Flow of low-density high-speed plasma through a magnetic barrier,

Phys. Fluids, §, 1399 1406, 1961.

- Grebuev. LA et al. The study of a plasma jet injected by an on board plasma

thenster, Adr. Space Res.. 11.2), 153158, 1981,
Green, T.S., Intense ion beaus, Rep. Prog. Phys.. 57,1257 - 1344, 1974,

Grossman, W., RV, Hess, and H.A. llassan, Experiments with coaxial Hall current

plasma accelerator, AIAA J. 3, 1034-1039, 1965.

Gussenhoven, M.S., and F.G. Mullen, Geosynchronous environment for severe space-

craft charging, J. Spacecraft and Rockets. 20. 26-34, 1983.

Gurnett, D.A.. ¢t al., Plasma waves associated with the AMPTE artificial comet,

Geophys. Res. Lett., 12. 851-854, 1985.

Gurnett, 1D.\., ef al., Whistler-mode radiation from the Spacelab 2 electron bheam,

Cicophys. Res. Lett., 13, 225228, 1956.

Harrendel, G.. and R.7Z. Sagdeev. Artificial plasma jet in the ijonosphere, Adv.

Space Res., 1(2),29 16, OS],

Hacrendel, Goooet al., First observations of the aceeleration of barinm ions into the
magnetosphere, in Furopean Programs on Sounding Rocket and Balloon Research
in the Aurvoral Zone, pp. 203 211, Faropean Space Ageney, Neuilly, Special Publi-
cation No. 115, 1976.

S L TS L F L4
\nX‘nrA‘,b‘P U',p HA“‘)&"J‘ ",/-:",t",)-\

“;:.;‘ﬁ‘ﬂ:‘ﬁvh' "7-)‘,"&‘
z}:.mm' St e "'w

S R o st"‘“ gkn\.\‘,. 5 *y
R R




135

Hacrendel, G., et al., Dynamics of the AMPTE artificial comet, Nature, 320, 719-722,
1986,

[lammer, J.H., Reconnection in spheromak formation and containment, in Magnetic
Reconnection in Spacc and Laboratory Plasmas, edited hy E.W. Hones, pp. 319-331,

American Geophysical Union, Washington, Geophysical Monograph 30, 1984,

Hausler, B., et al., Observations of the artificially injected Porcupine xenon ion beam

in the ionosphere, J. Geophys. Res., 91, 287-303, 1986a.
p P

Hiusler, B., et al., Plasma waves observed by the IRM and UKS spacecraft during the

z‘: AMPTE solar wind lithium releases: Overview, J. Geophys. Res., 91, 1283-1299,
o 1956,
2 leHinger, L., S. Ridgeway, and A. Schaffer, Transverse traveling wave plasma engine,
= ALAA . 3, 1028-1033, 1965.
i
=

> leppner, J.P., et al., The Cameo barium releases: [ fields over the polar cap,
L
ﬁ J. Geophys. Res., 86, 3519-3542, 1981.
-i",-:(
o) lonig, J., K. Kim, and S.W. Wedge, Hydrogen pellet acceleration with a two-stage
e
- system consisting of a gas gun and a fuseless electromagnetic railgun, J. Vac. Sei.
&

" Tech., A4, 1106-1112, 1986.

,\':, Hudson, M.K., and I. Roth, Thermal fluctuations from an artificial ion beam injection
Y . . D16 QF "]
into the ionosphere, J. Geophys. Res., 89, 9812-9822, 1984.
IR
.;% ljichi, K., H. Harada, and K. Kuriki, MPD arcjet system for space experiment with
:f:‘_; particle accelerator (SEPAC), in Electric Propulsion and its Applications to Space
:j,::; Missions, cdited by R.C. Finke, published as Progress in deronautics and Astro-
by
) : nautics, 79, pp. 616-630, American Institute of Aeronautics and Astronautics, New
v
o York, 1931,

=
%f,:: Hliano, J.M., and R. Pottelette, Measurement of the collective motion of the electrons

F. ‘0 ‘

«
‘l
o

deduced from the shift of the lower oblique resonance frequencey, Phys, Lett., 704,

315- 316, 1979,

szt

I.;[-. $

iy 4

o

:3
P




%‘ww NBTYETRIBIGRTIWE WY STERIW TR VT FIPUTUBVTE T YN BY R T U TSR NN VTN REINENR BN RN TRV I SV VS USRS U VEY T TR TR

136

Ishimoto, M., et al., The role of energetic OF precipitation in a mid-latitude aurora,
J. Geophys. Res., 91, 5793-5802, 1986.

Jahn, R.G., Physics of Electric Propulsion, McGraw-Hill, New York, 1968,

Janes, G.S., and R.S. Lowder, Anomalous electron diTusion and ion acceleration in
a low-density plasma, Phys. Fluids, 9, 1115-1123, 1966.

Jensen, V.0O., Experimental investigation of axial plasma injection into a magnetic
dipole field, Phys. Fluids, 11, 240-245, 1968.

Jones, D., Xet-induced ion-cyclotron harmonic waves, Adv. Space Res., 1(2), 103~
106, 1981.

Katz, 1., et al., Polarization of spacecraft gencrated plasma clouds, Geophys. Res.
Lett., 11,1115-1116, 1984.

Kaufmann, R.L., et al., Heavy ion beam-ionosphere interactions: electron accelera-

tion. J. Geophys. Res., 90, 9595-9614, 1985.

Kintner, P.M., and M.C. Kelley, Ion beam produced plasma waves observed by the
on/n plasma wave receiver during the Porcupinc experiment, Adv. Space Res., 1(2),
107-115, 1981.

Kintner, P.M., and M.C. Kelley, A perpendicular ion beam instability: solutions to

the linear dispersion relation, J. Geophys. Res., 88, 357-364, 1983.

Kintner, P.M., et al., A comparison of plasma waves produced by ion accelerators in
the F-region ionosphere, in lon Acceleration in the Magnetosphere and Ionosphere,
edited by T. Chang, pp. 206-208, American Geophysical Union, Washington, Geo-
physical Monograph No. 38, 1986.

Kitsunezaki, A., M. Tanimoto. and T. Sekiguchi, Cusp confinement of high-beta plas-
mas produced by a laser pulse from a freely-falling deuterium ice pellet, Phys. Flu-
ids, 17, 1895-1902, 1974.

Krall, N.A., and A.W. Trivelpicce, Principles of Plasma Physics, pp. 123-128, McGraw-
Hill, New York, 1973.

T e L b TR L A T A o TV L P o o T WD A 00 0 5 O A B P A VA0 Y 2 40 3 YA )




hadh A A A A Al ARh add obl obl ARl adk ol Atk b 4Rl oRK AR AR A0X BA AR  Ii Aif R iR _EB X _RA 2R B2 _EE 22 _Bd R 22 _2& _Xi .4 ru'vrummrrlvrrwmmT

. b
B L-l..:

137
Lary, E.C., R.G. Meycrand, and F. Salz, lon acceleration in a gyro-dominated neutral

plasma - theory and experiment (Absiract only), Bull. Amer. Phys. Soc., Ser. 111,
7,411, 1962,

Li, R., ¢t al., Propagation of neutralized ion beam in a transversc magnetic field
(Abstract only), Bull. Amer. Phys. Soc., Ser. II, 31, 1480, 1986.

Lindberg, L., Plasma flow in a curved magnetic ficld, Astrophys. Space Sci., 55, 203~
225, 1978.

Lockner, T.R., R.J. Lipinski, and R.B. Miller, Plasmoid propagation, Sandia National
Laboratories, Albuquerque, Report No. SAND-85-0917, 1935.

Lithr, H., ¢ al., In situ magnetic field observations of the AMPTE artificial comet,
Nature, 320, 708-711, 1986.

Lo L ARSI L AR AL L

Malingre, M., and R. Pottelette, Excitation of broadband electrostatic noise and
of hydrogen cyclotron waves by a perpendicular ion beam in a multi-ion plasma,

Gieophys. Res. Lett., 12, 275-278, 1985.

Marshall, J., Performance of a hydromagnetic plasma gun, Phys. Fluids, 3, 134-135,
1960.
Menon, M.M., et al., Quasi-steady-state multimegawatt ion source for neutral beam

injection, Rev. Sci. Instrum., 56, 242-249, 1985.

Miller, R.B., An Introduction to the Physics of Intense Charged Particle Beams,
Plenum, New York, 1982.

PRAUNERN U RIIECLY | GRLTYSE ]

Mishin, E.V., V.Y. Kapitanov, and R.A. Treumann, Anomalous diffusion across the

by
3 magnetic field-plasma boundary: the Porcupine artificial plasma jet, Max-Planck-
j‘; Institut fir Extraterrestrische Physik, Garching, Preprint No. 47, 1986a.
i
) e . , .
s Mishin, E.V., et al., The influence of a magnetized background plasma and collective
&.
- effects on the dynamics of a bounded quasineutral ion beam, J. Geophys. Res.,
:f‘ ‘ Submitted, 1986b.
=
*l Moore, 1.k, et al., Anomalous electron distributions due to an artificial ion beam in
N the ionosphere, J. Geophys. Res., 87, 7569-7579, 1982.
]
p
3
7
-ﬂ
o

T T T e L T e T ) . PO . T T . o LT T P
BVt At Y e T R T e e e et By R A T e Ly R A b T L Ly A S U S % S N b ISP A0




TR T RII R IR TRAITRNEITENIN N R ViRV RU TRV IIFUIURL . B AT BRI T E NI T YR T YT ISR I IL ALV INL T I N I I IR AT IR TINTIRIAAN

138

Moore, T.E., et al., Plasma jet effects on the ionospheric plasma, in Active Erper-
iments in Space, edited by W.R. Burke, pp. 207-212, European Space Agency,
Noordwijk, Special Publication No. 195, 1983.

Morozov, A.l, et al.,, Plasma accelerator with closed electron drift and extended

acceleration zone, Sov. Phys. Tech. Phys. Engl. Transl., 17, 38-45, 1972. !

Morozov, A.L, et al., Caesium plasma source for the Araks experiment, Space Sci. In- |
strum., 4, 139-141, 1978. }

Obayashi, T., et al., Initial results of SEPAC scientific achievement, Earth-Orient.
Applic. Space Technol., 5, 37-45, 1985.

Okabayashi, M., et al., The spheromak, in Unconventional Approaches to Fusion,

edited by B. Brunelli and G.G. Leotta, pp. 95-134, Plenum, New York, 1982.

Ott, E., and W. Mannheimer, Cross-field injection, propagation, and energy deposi-
tion by intense ion beams, with applications to tokamak plasma heating, Nucl. Fu-
sion, 17. 1057-1065, 1977.

Papadopoulos, K., On the shuttle glow (the plasma alternative), Radio Sci., 19, 571-
577. 1984.
Pechacek, R.L.. et al., Measurement of the plasma width in a ring cusp, Phys. Rev.

Lett., 45. 256-259. 1980.

Peter, W.. and N. Rostoker, Theory of plasma injection into a magnetic field, Phys.
Fluids, 25, 730-735, 1982.

Pottelette, R.. ¢t al., Observations of high-frequency turbulence induced by an arti-

ficial ion beam in the ionosphere, J. Geophys. Res., 89, 2324-2334, 1984.

Purvis. C.K.. and R.O. Bartlett. Active control of spacecraft charging, in Space
Systems and their Interactions with Earth’s Space Environment, edited by H.B.

Garrett and ('.P. Pike. Prog. Astronaut, Aeronaut., 71, 299-317, 1980.

Robertson. S.. Compression of an intense space-charge-neutral ion beam by an axial

’:ﬁ;} magnetic ficld, Phys. Fluids, 883-884, 1981.

N 19
e
-,"’%L —— B e S e

It "u‘u DA ERUR U NLTR Y Y5 Byt :w:wmm:rr:vnm-ﬂr;:mw—sc-.&:-;-w ‘..v"“.}-"'-r ~ ~‘ )’“.r'*' o ‘-""J-".H"}' } '\-"'.)- ".r‘*..h" ; ".)n *'.A"J-‘ k ’!'J-"J

"



rPL2ILP2 L

e

Gy ) e
'45,‘)9 '?
0 .0

o

Y
P
*y

Ey L)
'?-éa A

g

- .,-: - ,( l‘ ;
& -‘fﬁs.::rs:r'r‘ﬁs. 2ex

139
Robertson, S., Magnetic guiding, focussing, and compression of an intense charge-

neutral ion beam, Phys. Fluids 26, 1129-1138, 1983.

Robertson, 5., ¢t al., Propagation of an intense ion heam transverse to a magnetic

field, Phys. Rev. Lett., 47, 508-511, 1981,

Roth, 1., ¢t al., Simulations of beam excited minor species gyroharmonics in the

Porcupine experiment, J. Geophys. Res., 88, 8115-8122, 1983.

Sagdeev, R.Z., et al., Experiments with injection of powerful plasma jet into the
ionosphere, Adv. Space Res., 1(2), 129-140, 1981.

Sagdeev, R.Z. et al., The current system generated by the Porcupine artificial ion
beam in the ionospheric background plasma, Max-Planck-Institut fir Extrater-

restrische Physik, Garching, Preprint No. 49, 1986.

Sasaki, S.. et al., Gas ionization induced by a high speed plasma injection in space,

Geophys. Res. Lett., 13, 434-437, 1986.
Schmidt, G., Plasma motion across magnetic fields, Phys. Fluids, 3, 961-965. 1960.

Schuresko, 1).D., Accelerating hydrogenic pellets to high velocities (Abstract only),
Bull. Amer. Phys. Soc., 31, 1441, 1986.

Scott, F.R., and H.G. Voorhes, Plasma injection into a vacuum magnetic field,

Phys. Fluids, 4, 600-606, 1961.

Shawhan, 8.1)., et al., Wave emissions from dc and modulated electron beams on STS
3. Radio Sci., 19. 471--186, 1984.

Stenzel, R.L., Oral presentation at the Workshop on Plasma Physics and Fusion

Scientific Activity for the Space Station, Rogersville, Alabama, 19-22 May 1985.

Storey, L.R.O.. and M. Malingre, A proposed method for the direct measurement
of enhanced resistivity, in Furopean Programmes on Sounding-Rocket and Balloon

Research in the Auroral Zone, pp. 387 409, European Space Agency, Neuilly, 1976,

Storey, L.R.O., and J. Thiel, Thermal and field-aligned-drift effects near the lower

oblique resonance, Phys. Fluids, 21, 2325-2335, 1978.




140

Storey, L.R.O., and L. Cairo, An attempt to measure enhanced resistivity in the

auroral ionosphere, Private communication, 1983.

Storey, L.R.O., and J. Thiel, An attempt to measure the field-aligned drift velocity
of thermal clectrons in the auroral ionosphere, J. Geophys. Res., 89, 969-975, 1984.

Thiel, J., et al., Excitation of the lower oblique resonance by an artificial plasma jet
in the ionosphere, J. Geophys. Res., 89, 2385-2387, 1984.

Yy 'if;\

ra

Treumann, R.A., et al., Dynamics of quasineutral beams, in Active Ezperiments in

B!

Space, edited by W.R. Burke, European Space Agency, Noordwijk, Special Publi-
cation No. 195, pp. 197-206, 1983.

|

)

"

Treumann. R.A., and B. Hausler, On the propagation of a dehse quasineutral ion

VY

5

»

beam across a magnetized plasma, Astrophys. Space Sci., 110, 371-378, 1985.

-
-
="

Tuck. J.L., Plasma jet piercing of magnetic fields and entropy trapping into a conser-
vative system, Phys. Rev. Lett., 8, 313-315, 1959.

T

Tuczek, H., Acceleration of plasma by electromagnetic fields, in Plasmas in Space and

in the Laboratory, edited by H.L. jordan and K. Schindler, pp. 531-557, European
Space Research Organisation, Paris, Special Publication No. 20, 1967.

Valenzuela, A., et al.,, The AMPTE artificial comet experiments, Natire, 320, 700~
723, 1986.

Wessel, F., and S. Robertson, Polarization of an intense space-charge-neutral ion

beam incident upon a magnetic field, Phys. Fluids, 24, 739-745, 1981.

Addendum

As this report was going to print, the authors’ attention was called to the following
paper. which describes a rocket experiment with a positive ion beam not neutralized
by electrons. The purpose of the experiment was to study spacecraft charging, and

the ionospheric effects of the beam were not investigated.
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Cohen, H. A., ¢t al., Spacecraft charging due to positive ion emission: An experimen-
tal study, Geophys. Res. Letl., 6, 515-518, 1979,

The abstract is reproduced helow:

"Results have been obtained from the flight of a sounding rocket payload instrumented
to determine the cause and extent of charging of vehicles in the ionosphere during
the ejection of energetic charged particles. Vehicle potential was measured using
several independent probes while beamns of positive ions or electrons were ejected.
Positive and negative potentials were created by the ejection of electrons and pos-
itive ions respectively. For constant ion currents of 8 microampe. and energies
of 1 keV, vehicle potentials ranged from volts to hundreds of volts, depending on
ambient plasma density but independent of neutral density and vehicle pitch angle.
A maximum vehicle potential greater than 1 keV was obtained during an emission

of 400 microamperes of 2 keV’ positive xenon ions.”
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i 6. IONOSPHERIC MODIFICATION BY X-RAYS AND EUV RADIA-

- TION

6.1. Introduction

In this chapter we consider two new methods of ionospheric modification by means
of X-rays, or more generally by means of a combination of X-rays and extreme ul-
traviolet (EUV) radiation. The methods differ in their source of X-rays and in the
presence or absence of collimation of the X-tay beam. One of the methods makes
use of an an infrared laser beam to generate X-ray/EUV radiation. The beam is

focussed on a tantalum (or other heavy metal) target, with the X-ray/EUV radiation

+ IR O AR B L LR )

% so generated being collimated into a narrow beam by means of reflection at grazing
== incidence from a metal paraboloid. The other method makeés use of the high-energy
:.{: electron beam (E. ~ 5 MeV) considered in Chapter 4: metal targets are scattered
E into the beam and X-ray radiation produced by the ¢lectrons impinging upon the tat-
-,

gets. The X-ray radiation generated by this second method is not collimated. Some
variations of these basic methods are feasible. For example, the collimation step in

the first method could be omitted and the uncollimated X-ray/EUV radiation used

g2y by

VA

for modification. However, we will not discuss these variations in detail. Further, of

the two methods proposed here, we will only consider the infrared laser/collimated

B

¥ X-ray beam method in depth, since the technology, although new, has been tested in
f the laboratory and appears to have immediate promise for application in space. The
-t relativistic electron beam method exploits developing technology, has certain distinc-
N tive features in the form of the ionospheric modification that it produces, and appears
2 . . I3 . .

I to be feasible, but it will require more development before it can be considered to be
AN .

i practicable.

> It will be seen that one of our X-ray sources involves the use of a laser, but it
ol is not an X-ray laser. It is well known that the United States has considered the
o development of a space-based X-ray laser that is energized by a nuclear explosion and
: whose purpose is to incapacitate ballistic missiles. The X-rays from such a laser could
:;E well create significant modification cffects in the ionosphere, or upper atmosphere
<

!
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sphere generally. However, in this report we do not ¢onsider such an X-ray source,
since its application to upper atmosphere research does not appear to be feasible and
our purpose is to investigate sources that will have their primary application in such
research. We might point out at this time, however, that Stanford University has
helped pioneer the development of short wavelength lasers and currently has an ul-

traviolet laser in operation. Such a laser could be used on a rocket ot other spacecraft

fot modification of the ionospheric plasma, but its use will not be considered further

?:d here.

ﬁ The lower ionosphere is largely created by X-rays from the sun, with some assis-
::E tance from solar ultraviolet radiation and, at the lowest altitudes (D-region), from
5(3 cosmic rays. The E-region is believed to be generated mainly by soft solar X-rays
? (wavelengths in the range 10-100 A; the X-tay designations ate defined in Table 1),
;: and hard solar X-rays are an important source of ionization in the D-region duting pe-
:;: tiods of high solar activity [Whitten and Poppoff, 1965]. Man-made X-rays therefote
M‘é have a very natural application to ionosphetic modification and a controlled soutce

of X-rays in the upper atmosphere would enable featutes of the naturally-occurring
ionospheric generation process to be studied experimentally for the first time. Solar
ultraviolet light also contributes significantly to the formation of the ionosphere, par-
ticularly the intense Lyman-a line (1216 A), which penetrates deeply and contributes
significantly to D-region ionization, and the Lyman-g line (1025 A), which contributes
to E-region ionization. A man-made source of UV radiation in the ionosphere would
have many basic science applications as well as having an obvious application to

ionospheric modification.

Table 1 defines the soft and hard categories of X-rays, and gives the wavelength
range for extreme ultraviolet (EUV). The various desighations vary between authors
and, in the present competitive environment for the production of shorter wavelength
lasers, and fot the development of X-ray lasers in particular, it is not unusual to find
the wavelength limit for X-rays being moved up into what is defined as the EUV
range in Table 1. The wavelength ranges in the table are those most commonly

given, and we will generally adhere to its terminology. The data in Tables 2a and
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Table 1. X-ray and Extreme Ultraviolet (EUV) wave-
length ranges (where 1 A = 1079 m = 0.1 nm).

Description Wavelengths (A) Wavelengths (nm)

Hard X-rays 0.1-1 0.01 - 0.1
1-10 0.1-1

Soft X-rays 10 - 100 1-10

EUV 100 - 1,000 10 - 100

2b supplement the wavelength ranges given in Table 1. They show, respectively, the
photon energies for electromagnetic waves with wavelengths in the range 0.01-1000
A, and the wavelength ranges for photon energies in the range 10 eV to 1.0 Mev. The

energies are given in electron volts, the conversion factor for joules is 1 eV = 1.6022
x 10719 J, and E(eV) = 12,399/A(A).

6.2. Absorption of X-Rays

Several different physical processes contribute to X-ray absorption in matter; they
differ in relative importance depending on the photon energy hv, where k is Planck’s
constant and v is frequency, and on the atomic number of the particular atoms in-
volved. The following three processes are the most important for the absorption of

X-rays in the upper atmosphere [Culhane and Sanford, 1981):

(1) The Photoelectric Effect. This effect is responsible for the most important ab-
sorption process for the X-rays considered in this report. In the photoelectric effect,
the X-ray photons remove bound electrons from the atoms of the absorbing material
and the electrons released from the atoms acquire and carry off the photon energy.
The photoelectric absorption cross-section decreases with photon energy for a given
absorber, and increases with atomic number for a fixed photon energy. Light, low
atomic number eclements like hydrogen and carbon are therefore much less effective
absorbers than are the heavy elements. However, it is the total number of atoms in

the path of the X-rays that determines the overall reduction in their intensity. As a
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Table 2a. A table relating wavelength A
measured in Angstrom units (A) to photon

energy E in electron volts (eV).

A (A) E
0.01 1.24 MeV
0.1 124 keV
1.0 12.4 keV
10 1.24 keV
100 124 eV

1000 124 eV

Table 2b. A table relating photon energy
E in electron volts (eV) to wavelength A

measured in Angstrom units (A).

E A (A)
L 1.0 MeV  0.0124
E;g;-; 100 keV  0.124
) 10keV  1.24
o 1 keV 12.4

" -,‘ 100 B"' 124
,-:);: 10 eV 1240
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result, although a gas has many fewer atoms per unit volume than a solid, an X-ray

beam can be absorbed quite effectively in a gas if the beam traverses a long path.

(2) The Compton Effect. Compared with the photoelectric effect, the Compton effect
becomes significant at higher photon energies (hv > 50 keV). These photon enetgies
arc much greater than the energy that birds the electrons in atoms and the target
electrons may be thought of as being virtually free. The effect can be regarded simply
as the collision of a photon with an electron: the incoming photon collides with and
gives up some of its energy to one of the atomic electrons and leaves the interaction
site at some angle to its original direction. The recoiling electron leaves in a direction
that makes an angle with the original photon path and carries away momentum
equal to the momentum difference between the original and outgoing photon. For
a given element, the Compton effect takes over increasingly from the photoelectric
effect as the photon energy increases. The process does not totally stop the incoming
photons, but redirects or scatters them and reduces their enetgy. However, the total
cross section for the interaction gives a valid measure of the likelihood of an X-ray

being removed from the beam direction.

(8) Pair Production. At even higher photon energies (hv > 1 Mev) than those
involved in the photoelectric and Compton effects, it is possible for a photon to

interact with matter in such a way that it disappears and is replaced by an electron-

.positron pair. This third process is known as pair production, and it takes place in the

region of electric field around an atomic nucleus. The cross section increases with the
square of the atomic number (Z) of the material in which the interaction takes place.
This may be attributed to the size of the region of strong electric field around the
nucleus also increasing with Z2. A roughly equal division of photon energy between

the electron and the positron is the most likely outcome.

The X-ray photons of primary interest in this report are those generated by an
infrared laser beam and their energies are currently on the order of a few keV or less.
As a consequence, X-ray absorption due to the Compton effect or pair production
will not be considered further. It is possible that the X-ray photon energies resuting

from the infrared laser generation process could begin to approach 50 keV in the
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future, in which case absorption via the Compton effect would begin to assume some
relevance. However, our prescnt view is that such an increase in photon energy will
not be achieved easily. On the other hand, for the relativistic electron beam method
of generation of X-rays, which is considered bricfly in a later section, it is likely that
the photon energies will exceed 50 keV and absorption via the Compton effect will

be important.

6.3. X-ray Absorption Cross Sections

It will be noted that the X-ray wavelength range covers three decades, whereas in
the visible range the wavelengths vary only by a factor of ~ 2. It should therefore be
no surprise that there is a substantial difference between the physical properties of the
hardest and softest X-rays. Perhaps the most important difference for our purpose is
the wide variation of the absorption cross section of the various atomic and molecular
species in air. The largest cross sections, typically 10~18-10~1% ¢m? occur in the soft
X-ray band, where the K limits for carbon, nitrogen, and oxygen are located (see
Chapter 6 of Banks and Kocharts, [1973]). This is of course the primary reason for
the close association between X-ray absorption and the formation of the E-region of
the ionosphere: unit optical depth for the wavelength range 10-100 A is concentrated
in a layer about 20 km thick centered near 110 km. The absorption cross sections for
the same atomic species lie in the range 10~24-10-22 cm? for 0.1 < A < 1.0 A and in
the range 10~23-10~19 for 1 < A <10 A.

Specific K limit ionization thresholds for oxygen, nitrogen, and carbon are 23.3
A (0.533 keV), 31.0 A (0.397 keV), and 44.0 A (0.282 keV), respectively. For those
altitudes with which we are most concerned (ionospheric altitudes less than 200 km)
the predominant gas is molecular nitrogen, with molecular oxygen the next most
common constituent. Banks and Kocharts [1973] divide the spectral range into two
parts, depending on whether the wavelength is greater or less than 31 A, and they
divide each of the ranges 10 31 A and 31-100 A into three parts for each of which
they provide a mean value of cross section. These values can be used to simplify the

calculation of absorption of an X-ray beam with a wavelength, or wavelengths, in the
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range 10-100 A,

6.4. X-ray Beam Generation by Infrared Laser
6.4.1. Description of System

In the following we will describe a general procedure for the generation of X-
rays by means of an infrared laser, and we will illustrate its practical application by
reference to an experimental system that is currently in operation in the Ginzton
Laboratory at Stanford (research directed by Professors S.E. Harris and J.F. Young).
The numbers quoted for the experimental system are illustrative, but they should be
treated with great care when projecting a possible application of the system in space.
As we will show, the present experimental system would be capable of producing
columns of substantially enhanced ionization if it could be operated in its present
configuration in the ionosphere. However, many improvements and variations of the
present configuration are possible, which have the potential for greatly improving both

its efficiency as an X-ray generator and its ability to produce ionospheric ionization.

The general procedure we will consider for the generation of X-rays by means of
an infrared laser is illustrated in Figure 1. The generation process has the following
two steps. First, the infrared beam from a Nd:YAG laser (wavelength approximately
1.06 pum) is focussed on a piece of metal with a high atomic number such as tantalum,
where it generates a small, intensely hot spot that is a strong source of soft X-rays
and EUV radiation. The radiation is predominantly blackbody radiation and the
wavelength Amgz for maximum spectral emittance is inversely proportional to the

temperature T' (in degrees Kelvin), according to Wien's displacement law:

AmazT = 2.8978 x 10™% m deg K. (6.1)

For the illustrative Stanford system, starting with a compact laser generating
~ 1 nsec, 1 J infrared pulses, the temperature of the heated spot lies in the range
10%- 10® deglk, and the resulting X-ray radiation is confined largely to the band 30-

300 A. Higher powered and therefore larger lasers can be used to generate shorter
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wavelength X-ray radiation (e.g, Mallozzi ¢t al. [1973]). The efficiency of the infrared
to X-ray conversion process is about 10% in the illustrative system, but officiencies of
50% or more have heen achieved in other systems by going to higher frequency lasers

(ultraviolet lasers have been nsed) and shorter pulses [e.g., Nishimura et al., 1983].

The X-rays from the heated spot spread out isotropically and thus could be used
to produce a ronghly spherical region of ionization in the ionosphere surrounding the

mctal target, if desired. This possible method of ionospheric modification could have

application in space research, but it will not be considered further here because of
the greater interest of the X-ray beam method. To generate a beam of X-rays, we
Cn introduce a second step. The spot where these X-rays is generated on the tantalum
- target is located at the focus of a gold-plated stainless steel paraboloid. Through
reflection at grazing incidence, the paraboloid formns the X-rays into a beam that can
be quite narrow (1-10 cm in diameter) and which will maintain this narrowness over
comparatively large distances in the absence of scatterers. As is to be expected, there
is a loss of X-rays in the conversion from a largely isotropic distribution to a beam.
For the Stanford system, the efficiency of the grazing incidence reflection process of

beam forination is roughly 10%.

The spreading of the beam depends on many different factors. For example, the
heated spot radiating the X-rays is not a geometrical point but has a finite width
of the order of 100-500 gm. As a result. there is an intrinsic spread to the X-rays

associated with their source. The reflector will not be a perfect paraboloid or ellipsoid,

and its surface will also have certain irregularities. These imperfections will further
o spread the beam. Then, finally, there is diffraction associated with the finite aperture
s of the reflector. The spreading caused by the latter can be estimated and it is very
sivall: on the order of centimeters at distances in the range 10 100 km. Spreading
due to the finite size of the source appears to be the major factor, since the reflectors
in present use have small dimensions and a small angular spread in the radiation from
the source can translate into significant spreading at distances in the range 10-100
kin. Rough estimates based on the reflectors enirently in use at Stanford, which have

an aperture width of about 10 e, and a similar length, give a beam width of about

yt’
I"
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50 m at 10 km distance for the largest heated spot size (500 gm), as compared with
a width of 10 cm for the idealized system.

The reflecting surface for the Stanford system shown in Figure 1 is an ellipsoid
instead of a paraboloid, and the X-ray beam is focussed instead of being formed into
a parallel beam. However, it is a trivial change to substitute a paraboloid and thus
form a parallel beam. Furthermore, a hyperbolic surface could also be used, if a
spreading beam was desired. No further reference will be made here to the focussing
of X-rays, but it could be an important capability if a particularly intense flux of

X-rays was required at a specific location in the ionosphere.

Now consider the following order-of-magnitude computation, which illustrates
a possible experimental situation. We start with a laser generating 1 J pulses of
infrared radiation, which convert to roughly 0.1 J of X-rays radiated from the heated
spot and to roughly 0.01 J in the X-ray pulses in the beam produced by the tantalum
target/reflector assembly. We now use the following relationship, which follows from
the conservation of optical étendue | Welford and Winston, 1978], to convert between

the beam width at the target to the width at another location:
A1Qy = A2y, (6.2)

where A; and A; are the initial and final areas of the beam, and 2; and 2 are the
initial and final solid angles associated with the beam. For our ‘final’ beam location
we take the focal plane (Figure 1). Typical initial values are A; = 10~* ¢m? and
) = . Possible choices of the area A; depend on the characteristics of the reflector
assembly; we will take A2 = 400 cm? as a typical figure. For Az = 400 cm?, ie., a
focal area 23 cm in diameter, (1) gives 710~* = 762 x 400, where Qp = 763. Thus
02 = 5 x 10~* radians. If we now take a distance L = 10 km along the beam, its
diameter will be roughly L, or 5 m. For a distance of 50 km the beam diameter

will be about 25 m. These estimates do not take scattering of the beam into account.
6.4.2. Effect of the Geomagnetic Field

In the other sections of this report we consider the variety of ionospheric modifi-

cation effects that can be produced by heains of charged particles, including plasma
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PLASMA-PRODUCING
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Figure 1. Schematic of the X-ray genération process. A Nd:YAG laser
at the bottom of the figure is used to produce an intense infrared beam
that is focussed on a tantalum target (left), producing an intensely hot
spot —actually a plasma—whose blackbody radiation lies predominantly
in the soft X-ray range. The spot is located at one focus of an ellipsoidal
reflector and the X-rays are focussed by reflection at grazing incidence
from the ellipsoid. The focal point, the other focus of the ellipsoid, is
shown to the right in the figure, which is an adaption of Figure 1 in Young
ot al. [1987].
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¥ (neutral) beams. In all except one possible case (where a relativistic electron beam
oA propagates through an ionization channel), the earth’s magnetic field plays a major

tole, since the charged particles in the beams, no matter how energetic, are deflected
by the field. A special case is the one where the charged patticles are moving in
the direction of the magnetic field. However, evesi in this latter case the magnetic
field plays a crucial role, since the charged particle beam must be directed along the
field and therefore the choice of its direction is severely constrained. In addition,

the earth’s field is not generally very uniform except in the equatorial tegion, and a

ﬁ particle beam originally directed along the magnetic field will soon bé exposed to the
- curvature of the field if it is to travel to any significant distance.

-

:i. The propagation of an X-ray beam is not directly influenced by the earth’s mag-
g netic field. There may be small, second-order effects in the beam absorption, for

e
L

LRSS,

example, that we have not investigated, but in general the beam can be directed at
any angle to the earth’s field without concern for its deflection. This is an important

distinction between the ‘photon’ method of.modification and those involving charged

particles.

6.4.3. Penetration Distance

Let us now consider the depth of penetration and ionization production of the X-

Q’{ ray beam. As a first case, let us assume that both the density of absorbers/scatterers

:’.:: and their cross sections are constant. This is an idealization, but it applies quite

;;: closely to the situation where the X-ray beam is directed horizontally. Assume the

'::: horizontal distance variable is z, the initial intensity of radiation is Iy and that the |
*2': intensity at any subsequent position is I. The cross section will be denoted by ¢ and ‘
::‘ the number density of absorbers/scatterers by n. We then use a standard procedure |
t: . (c.g., Liou [1980]) to derive I in terms of o, n, and z as follows.

Ty

;'.3 The loss in intensity Al in a distance Az can be written Al = IonAz. This

.:":3 gives Al /1 = onAxz and integrating both sides we obtain

Y2

l z

o I =1 oxp(—/n ondz), (6.3)
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where the quantity foz ondz is the optical depth. Until this stage we have made no
Ry explicit assumption about the spatial variations of the cross section ¢ or absorber

density n. We now assume both are constant and obtain

I = Iy exp(—onz). (6.4)

This last equation shows that the X-ray beam is attenuated exponentially, and
that its intensity is reduced to 1/e of its initial value it a distance 1/on. Since this
latter quantity depends only on the properties of the absotbing medium, and tells us
something significant about the rate of absorption with distance, we will refer to it
as the characteristic penetration distance and give it the symbol d.. Thus the optical
depth onx implied by (6.4) becomes unity when z = d,.

At an altitude of 100 km, the predominant atmospheric constituent is neutral
molecular nitrogen (N2) with a density of ~ 1013 cm=3 [Banks and Kockarts, 1973).
Taking a wavelength of 100 A, for which the molecular nitrogen cross section is ~
1.3 x 10~!® cm?, we obtain d. ~ 0.8 km, and it is clear that an X-ray beam will not
penetrate to any great distance. However, if the wavelength is changed to 10 A, the
nitrogen cross section drops to ~ 8 x 1072 ¢m? and d; ~ 13 km, and we could
expect the beam to penetrate for some tens of kilometers. The increase of penetration
distance with decreasing wavelength continues as the wavelength is reduced below 10
A, and the distances can become quite latge. At 1 A, for example, the Nj absorption

cross section is ~ 1022 ¢m? and d. ~ 13,000 km.

Table 3 shows the variation of d; for a selection of wavelengths in the range 1-500
A and altitudes in the range 80-140 km. It can be seen that there is a very rapid
increase of d. with increasing altitude. Taking a general view, an X-ray/EUV beam
with wavelengthe in the band 30 300 A will not penetrate horizontally through the

atmosphere to any great distance for altitudes below 100 km. However, for altitudes

above 110 km the longest wavelength components of the beam can penetrate for

] at least some tens of kilometers, and the shortest wavelength components to much

-

greater distances. These results also have clear implications for the X-ray/EUV beam
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rs, if it is directed downwards from some altitude in the range 110-500 km: it will pene-
- trate down to an altitude of about 90-100 km, but it will not penetrate significantly
‘ below that level. Wavelengths less than 10 A will be required if deep penetration
= helow 100 km is desired.
_“’
‘;é‘
iy Figure 2 illustrates the latter point. It shows a plot of the depth of penetration of
g X-radiation into the earth’s atmosphere from sources external to the earth [Culhane
4:‘»( and Sanford, 1981]. Specifically, the curve in the figute shows the altitude at which
: 50% of the X-rays incident on the earth’s atmosphere are absorbed. In accordance |
i with our conclusion above, it can be seen that it is only X-rays with photon energies

greater than 1 keV (wavelengths less than 10 A) that penetrate significantly below

100 km.

6.4.4. lonization Production

Let us now consider the ionization produced by our X-ray beam. From the discus-
sion in the previous subsection we might expect this ionization to be comparatively

small for altitudes above 140 km, since there will be a roughly inverse relation between
penetration distance and the ionization produced per unit volume of the ionosphere !
illuminated by the X-ray beam. Similarly, we would expect to see substantial ioniza-

tion produced below 100 km and little penetration.

Once again we will assume initially that the X-ray beam is directed horizontally

WYREE: EVAAS IS SESRNANENL VR E

through the ionosphere, so that the number densities and cross-sections are constant.

bk
“

This approach gives us enough information to generalize to the case of an arbitrarily

o~ directed beam. The beam will be assumed to be cylindrical, with uniform intensity
Iy
= I across the circular cross section (radius r). Suppose that a pulse of X-rays of total
<o energy I and duration r is radiated. We can then write
= \
‘Aﬁ P
K l() 6.5
2 arir’ (6:5)
-
- which, from (6.1), gives
. I = £ exp(ean) (6.6)
- = ——exp(—anr). 3.6
= mrir P
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Figure 2. Curve showing the penetration of X-rays down into the earth’s

atmosphere from sources outside the atmosphere [Culhane and Senford,
1981]. The points plotted show the altitudes at which 50% of the X-rays
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incident vertically on the earth’s atmosphere are absorbed. X-rays with
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energies less than 1 keV are absorbed at higher altitudes.
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Table 3. Some representative characteristic penetration distances d.
at four different altitudes h for some wavelengths in the X-ray and
EUV bands. The distances are in kilometers and an asterisk indicates

a distance greater than 10,000 km.

A (A) h=8km h=100km ~=120km % =140km

1 300 * * *

5 3 100 * *

10 0.4 13 236 1790
50 0.1 4.3 82 621
100 0.02 0.8 14 110
500 0.001 0.04 0.8 6.2

This last equation gives the intensity at any point along the cylindrical beam. To
compute the ionization produced, consider a thin cross sectional slice of the beam, of
thickness dz. The volume of the element is #r?dz and the energy deposited per unit

time from the X-ray beam is
I(xr?dz)on. (6.7)

We now estimate the number of electrons produced by assuming an energy utilization
of 35 eV per ion pair [Banks and KNockarts, 1973, Part A, p. 83]. Writing n, for the
number density of the electrons produced by the X-rays, and making the appropriate

substitutions, we obtain the following from (6.6) and (6.7)

Al

Eon
ne = s exp(—onc), (6.8)

where it is assumed that £ is measured in eV.

6.4.3. Hlustrative Computation

In Section 6.4.1 we quoted an X-ray pulse energy of roughly 0.01 J for the system

currently operating at Stanford. Assmming a pulse energy of 0.1 J, for a modestly
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upgraded system, we can write (6.8) in the form
= 15(7% -
ngy = 5.68 x 10 (r2 ) exp (-onz). (6.9)

It will now be assumed that o &~ 3 x 102* m? and that the radius r is 0.1 m. The
crosg *~ction is fur molecular nitrogen and is typical for wavelengths in the range 10-
100 A [Banks and Kockarts, 1973], and the radius is representative of the aperture
of grazing incidence reflectors currently in use at Stanford. This latter assumption
is idealistic: it implies that the heated spot is a geometric point located at the focus
of the paraboloid producing the cylindrical beam. The numerical values of the two
quantities, and the radius in particular, can be vatied substantially from those just
choseén, but our purpose here is to illustrate general behavior, not to provide exact
numerical results, and the chosen values are adequate for this illustrative putpose.

Equation (6.9) now becomes
ny = 1.7 x 107° nexp(-3 x 107%nz), (6.10)

where n and n; are measured in m=3.

It is now necessary for us to adopt representative values for the number density
of molecular nitrogen. These values will be taken from altitude profiles published by
Banks and Kockarts [1973) (see Part A, p. 4) and Whitten and Poppoff [1965] (see p.
70) and they are tabulated in Table 4. Also tabulated are typical ambient daytime
ion densities [Banks and Kockarts, 1973, Part A, p. 14].

The data in Table 4 show that the X-ray beam can produce substantial ionization
in the vicinity of the generator. For example, at an altitude of 90 km, the ionization
density produced by the beam for z & 0 is about 10° times greater than the ambient
ionization density. This is during the daytime; during the night the ionization pro-
duced by the beam should be roughly the same, but the ambient density will be less,
giving an cven greater contrast between the two levels of ionization. The contrast
between the local junization caused by the beam and the ambient ionization grows

less as the altitude increases. As shown by Table 4, the local beam ionization is only
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. Table 4. Representative number densities n for neutral molecular ni-

H trogen and the corresponding expressions for n, (from Equation 6.10)

: :::: ' at six different E-region altitudes h. Also shown are typical ambient

::., daytiie ion densities n; and the approximate length D of the ionized

§ path produced by the beam.

o h (km) n (m~3) ni (m™3) nz (m=3) D (m)

e 90 1020 2x 1010 2x10%exp(-3x10~3z) 3.8

% 100 1019 4% 101  2x10Mexp(-3 x 10~%z) 28

5N 110 2 x 1018 9 x 100 3x 10 exp(~6 x 10~%z) 95

3\ 120 6 x 1017 101 1 x 108 exp (=2 x 10~5z) 250

;:T_r'\t 130 2 x 1017 101 3 x 102 exp (~6 x 10~%2) 566

» 140 7 x 1016 101! 1x102%exp(—~2x10~%2) 1240

=%

;;:". an order of magnitude above the ambient ionization at 140 km and around 160 km

;_\ ) there is little difference.

"

E:Ij When the expressions for n; in Table 4 are evaluated and the resulting ionization

badims .‘.l

-—-. g densities plotted against distance z, a distance D can be derived beyond which the
. X-ray ionization densities are less than the ambient density (we are still considering

:::ij horizontally directed X-ray beams). This distance D is representative of the length of

;; ionized path that might be measured by a ground-based radar or other detector during

'" operation of the X-ray beam generator. As might be expected from the previous

discussion of penetration distances, D is small at low altitudes and increases with

N
S,

increasing altitude. The values of D are tabulated in Table 4 and can be seen to vary

from around 4 km at & = 90 km to greater than 1200 km at k = 140 km (these two

» . « ga . . .
- ¢ cases ate further illustrated in Figure 3). Once again, as we saw with the penetration
nd-.:"

= distance, the altitude range 90-140 km demarcates two regions: (1) an upper region,
I—'-:’.;

O h > 140 km, in which the X-ray hcam penetrates to large distances, but, as we now
Ig“" 13 (3 . . 3 . .

» see, a region in which the beam produces little change in ionization, and (2) a lower
e ‘

=y region, h < 90 km. in which the beam penetrates only to small distances, but, as we
e

1k,

.‘?‘i
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now see, a region in which the beam can produce substantial changes in ionizalion.

The above computations of the ionization arc based on the assumption of a beam
of X-rays only 0.1 m in radius. As we have seen, the finite size of the heated spet
generating the X-rays is more likely to lead to beam radii of around 5 m at a distance
of 10 km from the generator. Since the number density of the electrons produced
by the beam varies as (radius)™2, it is crucial that the radius be kept small if the
additional electrons are to be observable above the normal background level. The
four most obvious methods for ensuring this condition are (1) sharp focussing of the
initial laser beam on the heavy metal target, (2) accurate location of the heated spot
at the focus of the reflector, (3) use of very short pulses of incident inftared radiation,
and (4) the use of some active method, such as the application of a strong magnetic

field, to reduce the expansion of the plasma created at the heated spot.

The above results apply to a horizontally directed X-ray beam, but, taken in
conjunction with the work in the preceding sub-sections, they have obvious implica-
tions for non-horizonally directed beams. For example, if we suppose the X-ray beam
generator is located at A = 140 km and the beam is directed vettically downwards,
we would expect to see a moderate increase of ionization (to roughly ten times the
ambient level) within the path of the beam down to A = 120 km. The increase of
ionization, and attenuation of the X-ray beam, will then become more substantial,

with the beam becoming totally absorbed somewhere in the range 90 < & < 100.

6.4.6. Recombination

The subject of recombination atises several times in this report. In the present
case the initial ionization produced by the X-ray beam consists predominantly of the
positive atmospheric ions N} and OF and free electrons, just as was the case with
the ionization produced by relativistic electron beams (Section 4), and much of the
discussion of plasma chemistry contained in that section pertains to the ionization
produced in the X-ray case. There is a substantial difference, however, in the relevant
altitudes. As we have seen above, the X-rays are absorbed primarily in the altitude

range 90120 km. whereas the relativistic electron beam can penetrate much lower in
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Figure 3. Two curves showing examples of the ionization produced by
a single 0.1 J beemed pulse of X-rays as it propagates horizontally at
altitudes of 90 km and 140 km. The shading at the ends of the curves
indicates that the the ionization produced by the béam has declined to
the level of the ambient jonization and will be less than the ambient level
for distances greater than those indicated by the start of shading. The
ionization levels produced by the X-rays at 140 km are much less that

those produced at 90 km, but the radiation penetrates much further.
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the atmosphere, to where the chemistry is very different.

We would expect a dissociati ~ recombination process of the form
N} +e=N*"+N°, (6.11)

whete the asterisks indicate that the atoms may be internally excited, to be the
principal process leading to loss of the molecular ions and free electrons produced
by the X-ray beam. These processes are known to be rapid and to be the principal

means of ion recombination in the ionosphere.

The lifetime of the ionization produced by the X-rays can be estimated by using

ST | Lol LR NN TARE TN - SRR A S

the formula

3 !
" = 6.12
o ™= o (6.12)

where 7p is the time constant (or decay time) for the process, ap is the récombination
rate, and n. is the electron density (this formula has already appeared in subsections
2.1.1 and 4.2.2). The recombination rate depends on the electron temperature (see
Equation 1.4), which for our altitudes of interest can be taken to be about 300deg K.
The corresponding recombination rate is ap ~ 3 x 10~ cm3¥sec™! or ap ~ 3 x 10~13
m3sec™! [Banks and Kockarts, 1973, Part A, p. 255). Thus

_3x 1012
~ ——"'—"‘ne

™D ) (6.13)

where it is assumed that n. is measured in units of m~3. Referring to Table 4, we find
ne = n (in the beam) varying in the range 101 - 103 m=3, with the implication from
(6.13) that the lifetime of the ionization produced by the X-ray beam will prebably

only amount, at most, to some tens of seconds under the assumed daylight conditions.

Because the ionization produced by the X-ray beam involves the neutral com-

= ponent of the ionosphere, which does not vary much on a diurnal basis, we would
E: expect the ionization produced by the beam to remain roughly the same from day
::E to night. The ambient jonization, on the other hand, will vary significantly, with
. the nighttime electron density down by 1-2 orders of magnitude from the daytime
EE density in the altitude range 90-140 km [Cormier et al., 1965). There may therefore
)
=2
&L
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be some advantage to using a more diffuse or lower-powered X-ray heam at night
to produce a more weakly ionized column than thaose discussed above, but still with
enough ionization for it to stand out from the surrounding nighttime jonosphere. As
noted above, ambient daytime electron densities typically vary from 10'° - 10! ;-3
for altitudes in the range 90-140 km. During the night, an ionized column with
electron densitics in the range 10'° ~ 10" m=3 would be 10-1000 times more highly
ionized that the surrounding ionosphere, and so should be casily measurable, and yet
the level of ionization would be such that the column might have a lifetime measured

in minutes or tens or minutes.

6.5. X-Ray Generation by Energetic Electron Beams

This method of generation will only be briefly discussed. It is relevant because it
could be combined with the relativistic electron beam method of ionospheric modifi-

cation discussed in Section 4.

Starting with a beam of relativistic electrons in the ionosphere, hard X-rays could
be produced by scattering heavy metal targets into the beam. The electrons imping-
ing on the targets will produce X-rays in exactly the same way that X-rays are
normally produced in X-ray tubes. Without specifying the shape of the metal targets
in any manner, we would expect this method of X-ray generation to produce a largely

spherical distribution of X-ray intensity and conseqnent region of ionization.

6.6. Discussion

Two new methods for modifying the ionosphere by means of X-rays have been
described. One of the methods, and a version of the other, produce uncollimated X-
rays and thus their product is a more-or-less localized region of enhanced ionization
around the source of the X-rays. The techniques involved in these latter generation
processes have only been briefly discussed, but they could be effective in producing
heavily ionized regions in the upper atmosphere. The second method, which gives a
beam of soft X-rays and EUV radiation, has been analyzed in some detail because

of the number of new experiments on ionospheric modification that it would make
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possible, It uses an infrared laser beam focussed on a heavy metal target to generate
the X-rays, hut it makes use of reflection at grazing incidence from a metal paraboloid

to form the X-rays into a beam.

The X-ray beam generation process is relatively efficient and it has alrcady been
developed and tested in the laboratory. Our computations indicate that an X-ray
beam with the same characteristics as those already heing produced in the labora-
tory can penetrate to considerable distances in the ionosphere with limited spreading
(largely due to the finite size of the heated spot that is the source of X-rays) and
that it can produce substantial ienization when it is absorbed. Ordinarily, pene-
tration and ionization production are conflicting requirements, since high ionization
implies low penetration, but there are circumstances where advantage can be taken
of both characteristics. For example, an X-ray beam can be directed downwards from
a platform at an altitude well above 100 km; it will propagate down with little initial
loss (ionization) until it reaches an altitude in the range 90-100 km, where it will
be rapidly absorbed and produce its maximum ionization. Once again we note the
independence of the X-ray beam propagation from the earth’s magnetic field. In the
example just cited, the beam can be directed downwards without concern for the
angle it makes with the earth’s field, unlike a heam of charged particles. Another
advantage of using an X-ray beam for ionospheric modification, as compared with a

charged particle beam, is its elimination of vehicle charging problems.

There are constraints on the X-ray beam technique of ionospheric modification.
First, it will have been noted in our computations above that the altitude range
90-140 km frequently arises when illustrative data are derived. This is due to the
remarkable change in beam absorption that takes place over the range: at 90 km
the beam is quite rapidly absorbed and below 90 km it will not propagate to any
substantial distance, whereas at 110 km and above the beam will propagate to large
distances with little loss. Thus the altitude range 90- 140 kin is a transition region,
separating a Jower region of high absorption from an upper region of low absorption.
For ionespheric modification at altitudes above 110 ki, our X-ray beam method will

probably not be greatly effective.
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A second consttaint on the beam techinique relates to the altitude constraint. We
have specified a wavelength range of appreximately 30--300 A for the laser technique
of X-ray generation. The wavelength range depends directly on temperature of the
spot heated by the laser: the higher the temperature, the shorter the wavelengths
of the X-rays that are produced. Shorter wavelength X-rays would mean greater
penetration of an X-ray beam at altitudes below 90 km and, returning to the possible
experimental situation described above, deeper penetration of a beam from a source
on a platform above 100 km. In this latter case, ionosphetic modification could. be
produced at lower altitudes than 80-90 km. Unfortunately, it does riot seem feasible at
this time to shorten the wavelengths of the X-rays substantially below about 10 A, for
reasons relating to the confinement of the extraordinarily hot plasma that is created
(and which is the source of the X-rays that are radiated) when the infrared beam

strikes the heavy metal target. Further research is needed to remove this limitation.

We have restricted consideration to an infrared laser producing 1-10 J pulses,
or more specifically to a system configured aound the one currently in operation at
Stanford. Much more powerful infrared lasers are available and could be used for X-
ray generation. Howevet, we question whether this would be a reasonable step to take
at this time. As we have shown, a 10 J system, if flown, could produce substantial
ionization changes in the lower jonosphere. Further, while a more powerful laser could
conceivably lead immediately to higher target temperatures and thus shorter X-ray
wavelengths, it is not clear at this time that the greater energy can be used effectively

due to the confinement problem mentioned above.

As we have repeatedly pointed out, there is a tradeoff between beam penetration
and ionization production. There is a further tradeoff between the ionization level
that is produced and its lifetime: large ionization densities have a short lifetime. It is
interesting in this context to note that there may be an advantage at night to produce
only a moderate increase of ionization - to a level only moderately greater than the
ambient level. This might be done by deliberately increasing the width of the X-ray
beam, thus producing a larger column of ionization, or by otherwise reducing the

intensity of the X-rays in the beam. A ..igh-powered X-ray beam is not necessarily

: N Jj‘:\ «,
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an advantage under all conditions.

We have not dwelled on the ease with which the X-ray beam could be focussed
on a point in the ionospheric plasma. A roughly spherical region of highly ionized
plasma could be produced by this technique that could have interesting properties:

an extreme case of ionospheric modification.

6.7. Suggestions for Further Work

The infrared laser method of generating an X-ray/EUV bear: described in this
chapter has obvious potential for interesting new experiments on ionospheric modifi-
cation, which could help illuminate the basic processes of formation of the ionosphere.
Before such experiments can be carried out, however, there must be a transition of the
X-ray/EUV beam generator from its present labotatory hench setup to a well-tested
and rugged generator that can be flown on a rocket (a balloon flight does not appeas
likely to take the generator to a high enough altitude for the beam to penetrate sig-
nificantly far from the platform, although it would otherwise have many advantages
for an initial experiment). Thus, if it was desired to conduct an X-ray beam in the
ionosphete, one of the first tasks would be construction of a flight-ready beam gener-
ator and its testing in a vacuum chamber. The possibility of a balloon flight should
be investigated further, despite our opinion at this time that it would not lead to a
useful beam experiment: it would still be possible to produce substantial ionization in
the vicinity of the generator, and the experience gained in operating the X-ray/EUV
generator as part of a balloon payload would be an invaluable preliminary to a rocket
experiment . An extension of the present feasibility study to include a more rigorous
analysis of the beam generation and propagation of the beam in the jonosphere and

possibly also neutral atmosphere (in support of a balloon expetiment) would also be

desirable.

A key experimental study that should be made is one of the various techniques
(some of which are detailed in this report) for reducing the size of the spot on the
heavy metal target that is heated by the infrared beam. Spreading of the X-ray beam

depends primarily on the size of the heated spot, and there is a direct relation between
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:’;‘{: the spot size and the spreading of the beam. The more closely the spot size can be
F'-'-,
=3 controlled, and, in particular, the smaller it can be made, the better the spreading 1
- ‘-; can be controlled. Such a study can be most effectively conducted in the laboratory.
by Assuming the completion of the preliminary studies and construction of a flight-
J "
oy ready generator, the next step would be a rocket experiment. There is no doubt, even

at this carly stage, that an X-ray beam generator can be constructed to conform to

the weight, size, and other payload limitations of & rocket flight. Thus the decision

on whether to conduct a rocket experiment would need to be based on the new in-

formation that would be provided by the experiment, on the usefulness of the new

1.

technology that would result from the experiment, on the relevance of such an exper-

1§}

PO AN e

-

iment to other interests of the Air Force and the Department of Deéfence generally,
and on the cost of the experiment. Scientifically, a rocket experiment could produce |

much new information on the properties of the ionosphere.
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) 7. NEUTRAL GAS RELEASES

7.1. Introduction

In this section we discuss the possible consequences which follow from the release

£

of a cloud of neutral gas from an orbiting or other high speed platform in the iono-

-

sphere. Interest in this type of experiment has evolved during the past decade as a
consequence of the Critical lonization Velocity (CIV) concept. From laboratory ob-

servations and some space expériments, it is known that neutral gases, when injected

A

into an magnetized plasma at a velocity which is greater than that corresponding to ‘
the ionization energy of the gas, will undergo rapid ionization. This phenomenon is |
attributed to a complicated sequence of compounding events. First, a few of the fast ‘

moving neutrals are assumed to be iohized by some process. These few strearning

| @ g St

ions then interact with the background plasma to generate intense ion electrostatic

- 3]
AR

waves which, in turn, heat the electron component of the ambient plasma. If the

2k,

energy transfer rate is rapid so the electrons become sufficiently hot, they can further

ionize the neutral gas, thereby permitting an even mor~ rapid conversion of the orig-

;‘E\ inal neutral gas kinetic energy into plasma heating. Eventually, a rapid cascade of
35: ionization may result, totally converting the neutral gas to plasma. Both laboratory
B experiments and computer simulations [Machida and Goertz, 1986] demonstrate the
? CIV effect.

EE: Experiments to verify the validity of the CIV concept to the conditions of space
:; plasma have been undertaken, but the results are not uniformly postive. Conse-

quently, extensive efforts supported by NASA, the DOD, and international agencies

o are underway to develop understanding of all of the complex factors involved in CIV.

Here we wish to describe another interesting, less well known process which occurs
13 when neutral gases are released at high speeds in the ionosphere, but, for various

reasons, the heating of the plasma is insufficient to yield the CIV effect. The basic

L3
)

= idea is as follows: Imagine that a cloud of neutral gas is released within the ionosphere

from an orbiting platfom. As this injected gas cloud moves along the orbital path (and

diay

expands with respect to its original volume), it will undergo two distinct interactions
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with the upper atmosphere. First, elastic scattering will occur with the ambient
atmospheric gases. These collisions will gradually dissipate the directed kinetic energy
of orbital motion, slightly heating the atmosphere and strongly heating the injected
neutral gas. Second, and most important for the present idea, for certain conditions
there will be charge exchange between the neutral gas and the ambient ions (primarily
O% ) of the ionosphere. The new ions can no longer continue to follow the neutral
orbital trajectory but immediately gyrate around the magnetic field at their points
of origin. This gyration, which is circular in the local frame of the local ionosphere,
has a radius set by the mass of the new ion and its initial velocity perpendicular to
the magnetic field. As shown in the discussion below, because these new ions have
different gyroradii than the ambient ions of the ionosphere, there will be an immediate
electrodynamic effect which leads to the generation of ELF/VLF waves and other

electron density fluctuations that can significantly disturb the local ionosphere.

7.2 Basic Processes

The geometty of the situation is shown in Figure 7.1. A spherically expanding
cloud of neutral gas, composed of particles identified by the symbol X and having
molecular mass M,, is shown at an instant of time when the cloud has a radius R. At
this moment, the cloud is traveling at a velocity V relative to the ambient magnetic
field, B, through an ionospheric plasma composed primarily of Ot and eléctrons. For
this discussion, we will assume that the X-type neutral particles (and subsequent

ions) are much more massive than the Ot ions.

The effect we wish to investigate follows from charge exchange, represented by

the reaction
X4+0t—=Xt4+0 (7.1)

where X represents an atom or molecule of the injected gas and O is assumed to be

the dominant ion of the ionosphere.

The charge exchange reaction given by Eqn.(7.1) procedes very rapidly when

the ionization potentials of the two neutral gases (X and O) are the same. In this
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situation, called resonant charge exchange, cross sections as large as 10~ cm?2 obtain.
However, when there is a difference between the ionization potentials of the two
gases (called the energy defect), charge exchange can occur only if the kinetic energy
of relative motion is adequate to make up the difference of ionization potentials.
Thus, charge exchange between unlike ions and neutral particles in the ionosphere is

generally very slow at the mean thermal energies of the ionosphere (~ 0.1 to 0.3 V).

With respect to the present circumstances, the orbital energy of the injected
neutral gas particles enters into the energetics of the charge exchange process and it
can be expected that charge exchange will procede at a rapid tate (0 ~ 5 x 10~13
cm?) as long as the injected gas particles continue to move at high speeds relative
to the background atmosphere. Thus, chatge exchange will occur easily for a newly
injected neutral particle (and for its ion still having the same kinetic energy), but
as the energy of this particle (and its gyrating ion) degrades as a consequence of

collisions with atmospheric gases, the cross section for charge exchange will quickly

become small.

With this background information, there are important consequences which follow
from the releasc of a cloud of neutral gases from an orbiting vehicle. If, as was
hypothesized earlier, we have relatively heavy neutral particles, so that the kinetic
energy of relative motion overcomes the energy defect of charge exchange with O+,
we can expect the rapid conversions of X atoms or molecules into X+ ions. As each
rapidly moving neutral gas particle is converted into an ion, it retains its original
directed velocity, V. However, owing to the local maghnetic field, the ion immediately
experiences a V x B deflection. This situation is shown in Figure 7.2 from the
coordinate frame of the local ionosphere. Because the X* ions are more massive
than the O% jons, and because of their directed velocity of motion, the gyroradii of
the X+ ions will be much larger than the O* gyroradii, perhaps by a factor of 10 or

more, and very much greater than the gyroradii of the ambient electrons.

The consequence of this generation of new ions with large gyroradii is a sideways
deflection of all newly created X+, which will immediately create a lateral shift of

positive charge with a net electrical charge imbalance at the edges of the neutral
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Figure 7.1. Showing a cloud of X-type neutral particles expanding radially outward
while moving through the ionosphere with a velocity V relative to the magnetic field
B. The background ionosphere is assumed to be composed of O+ ions and electrons.
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gas cloud. (This occurs because the ambient electrons and Ot have relatively small
gyroradii compared with that of the high speed, heavy X* ion.) This effect occurs
only at the edges of the trace of the neutral cloud in a zone which is approximately an
X* gyrodiameter thick. Elsewhere, the larger gyroradius of the X+ ion doesn't make
any diffetence since the trajectory of the ion will be through a uniform electron/0*

plasma. This situation is shown in Figure 7.3.

The principal consequence of the charge exchange process is thus to create a
polarization electric field in a region defined by the outer edge of the passing cloud.

This electric field is not static, but strongly fluctuating: Owing to the random nature

I

ls‘}c‘gi;j x

of the charge exchange reactiotis and the fact that the trajectories of the X+ ions are

circular around the local magnetic field, it can be expected that strong incoherent

electric fields at the cyclotron frequency of the X+ ion will occur. In addition, ion-
ion plasma micro-instabilities may also be stimulated. The consequent fluctuating

electric fields will have an impact on the ambient electron motions, with the effect that

energy will be transfered from the X+ ions to plasma waves involving the electron
gas. Heating of the electrons is an inevitable consequence, with the production of

strong electron gas irregularity structures. |

In some ways, the above description is parallel to the sequence of events thought \

et = e A AL L

to occur in the critical ionization velocity phenomenon. However, the strict CIV
conditions hecessary for subsequent netural gas ionization are not required to establish
the wave effects desired here, nor do we need to consider the consequences of ion-ion

microinstabilities: The principal effects are macroscopic in nature and arise from

-~ finite gyroradii effects in the finite geometty of the orbiting cloud.

“»

- %
-~ The foregoing description treats the neutral cloud at a fixed time. In fact, the
LY
- cloud itself will continually expand as it travels along (See Figure 7.4). In this situa-
- tion, it can be expected that the region of active wave generation will follow the outer
‘E boundary of the neutral cloud, remaining about a gyrodiameter thick and continuing

0;-‘ /

to result in plasma disturbances and low frequency wave generation. This outward

‘l'

propagating disturbance will reach its eventual limit as a consequence of scattering

;l.'.i"v

and energy loss in the neutral atmosphere: The average X particle energy will be
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Figure 7.2. lllustrating the trajectory of a new, massive charge exchange-produced
X* ion. The gyrotrajectory of a typical Ot ion and a thermal electron are also shown.
The magnetic ficld is directed into the page, and the initial neutral gas velocity is to
the right.
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: ;t Figure 7.3. Illustrating the behavior of a collection of X* ions produced from
WX the moving cloud. Owing to their greater gyroradii relative to O*, there is a net
W upwards displacement of electric charge. Within the main body of the cloud this is
neutralized by the ambient electrons, but at the upper and lower edges, there is a
real displacement current which fluctuates in space and time with a characteristic
frequency originally set by the Xt ions.
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reduced helow that required to initiate charge exchange and the basic interaction will

quickly disappcar.

The lifetime of the effect at a given point in space will depend on the rate at which

the X% jons dissipate their energy. The transfer of energy to plasma waves is one

TSINEY TV

important channel, while charge exchange with the neutral gases of the atmosphere is

.

another. In this last situation, the X'* ions will undergo the reverse resonance charge
exchange process represented by eqn.(1) and leave hot X neutrais moving away from
the source in random directions, and cold ** tied again to the local magnetic field

lines.

Finally. the transformation of O* into X'* can have an effect upon the ionospheric

composition if the ionic loss process for X+ is substantially different than for Ot. This

TR EFP Ry ¥

would be equivalent to a real change in ionization density and might be important

for some applications, but is not pursued here owing to its similarity to water vapor }

injection experiments, the results of which are well known [e.g. Bernhardt, 1982]. |
7.3. Discussion

The charge exchange process is a new concept with respect to initiating distur-
bances in the ionosphere. Unlike the critical ionization phenomenon, it does not
increase the total ionization present but, rather, acts through electrodynamics to
change the ion composition (to X*) and to transform the initial kinetic energy of

motion to plasma heating and plasma waves.

Ce 0L BUULEELLUEY, JFRF L

Although there have been many previous neutral gas release experiments in the
upyper atmosphere, it appears only a few would have been adequate to produce the

disturbances described here. Barium cloud releases from rockets, for example, depend

by RPN S

upon photoionization of slowly moving neutral vapors to create ion clouds. The |

P “ubsequent plasma processes, although of great interest and importance, are not
;“; those which would occur as a consequence of charge exchange. Barium shaped-charge
3 releases possess higher initial velocities but the choice of direction for the gas is
‘ generally parallel to the local magnetic field, a circumstance that greatly reduces the
E' gyroradius effect.
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Figure 7.4. Showing the regions of plasma disturbance set by the expanding neutral
cloud as they occur in the ionospheric frame of reference. The expansion angle of
the effect is set by the magnitudes of the orbital velocity (~7.7 km sec™!) and the
thermal speed of the cloud (which depends on the mass of the neutral particles and
their temperature (typical expansion speeds may be 100 to 300 m sec™1),
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The receat Cameo experiments [Heppner et al., 1981] involving the release of bar-
ium from an orbiting platform could have demonstrated some of the charge exchange
effects, had the release been made at lower altitudes. As it was, however, the release
was made from a high altitude .pacecraft in a region where charge exchange with Ot

was a very slow process compared with photoionization.

It is likely that the best indication of charge exchange effects can be found

in thruster firing data acquired from experiments on STS-3 (1982) and Spacelab-2

NN “PEYSSSREF.-FEERRE S

(1985). In these flights, small gas releases were observed by various plasma diag-
nostic instruments carried by the University of lowa PDP and VCAP instrument
packages. Cursoty examination of the data shows that broad band ELF and VLF

noise accompanies each thruster firing and that this continues for an extended period

(4 & '8 3 NN

of time after the firing has stopped (See Figure 7.5). Unfortunately, samples of most

of the plasma diagnostic instruments are available only at 1.6 seconid time intervals.
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Nevertheless, the fact that such gas releases produce consistent plasma signatures is
a good indication that there is an anomalous interaction between the predominantly

neutral thruster clouds and the surrounding plasma medium.

7.4. Future Work

Both theoretical and experimental work are needed to explore the full range of
processes associaved with the charge exchange neutral cloud idea. With respect to

theory, it would be possible to conduct plasma simulations with a 3-dimensional
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plasma code (developed by Prof. O. Buneman at Stanford) now available on both

3 Livermore and Los Alamos computers. The results would give a good indication of the
- different types of plasina waves created in such a release and some indication of the
3 subsequent electron density irregularity structures. In addition, basic calculations of
-: the consequences of a gas release need to be done, taking into account various possible
:3. charge exchange rates for different gases and the effects of cloud expansion.

:": With respect to future experiments, observations could be made using the space
' shuttle and a simple plasma diagnostics payload that would be able to capture the
3 fast time response of the various neutral gas phenomena. Such a payload would be
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Figure 7.6. The VLF spectrum of a STS Orbiter thruster firing as acquired from
experiments on the OSS-1 mission of STS-3. The display shows the intensity of
electric ficlds as a function of frequency (vertical scale) and time (horizontal scale).
A short (a few milliseconds) thruster firing produces a multi-second long pulse of a.c.
electric ficld noise. This typical thruster signature may be the results of a strong,
charge exchange mediated interaction with the ionosphere.
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far less complicated (and much less costly) than the anticipated CRESS experiment,
which incorporates various violent explosives to produce traceable vapers. In fact,
it would be more than adequate to use a collection of pressurized, inert gasés to
investigate the charge exchange processes: He, Ne, and Xe would give a variety of
masses and ionization potentials needed to explore the physical processes involved. -
In addition, experiments could be conducted near ground-based faciliti¢s, permitting

realtime radio, radar, and optical mappings of the neutral gas disturbance zone.

Finally, study of existing thruster data from STS-3 and Spacelab-2 experiments
could provide important information about gas release phenomena. Both optical
and plasma data are available for study, ahd great progress might be possible in a
relatively s»ort period of time, relative to mounting new experiments on the space

shuttle or other orbiting platforms.
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8. CONCLUSION

As was pointed out in the Introduction, the study detailed in this report was
primatily a search for new concepts in ionospheric modification, with our Laboratory’s
previous work on ionospheric modification with low energy electrosi beams taken as
a starting point. The topics that were considered in some detail included ionospheric
tnodification by three different classes of electron beams: low enetgy (Chapter 2),
medium energy (Chapter 3), and high energy, or relativistic, beams (Chapter 4). In
addition, consideration was given to ionosphetic modification by means of neutral,
or plasma, beams (Chaptet 5), by X-rays and EUV radiation (Chapter 6), and by
releases of neutral gas from an orbiting vehicle (Chapter 7).

The results of the study are sumtoarized in Chapter 1, and more specific sum-
maties for each method of ionospheric modification are given at the end of the cor-
responding chapter. Several detailed suggestions for new experiments are made in
addition to suggestions for applications of our current low energy electron beam ex-
perirnents to ionospheric modification. Most of the recommendations involve particle
ot photon beams, but an evperiment to investigate a new charge exchange mechanism
in a cloud of neutral gas released from a rapidly moving vehicle in the ionosphere is
also described and is recommended. Two of the suggested new experiments, one in-
volving relativistic electron beams and the other beams of soft X-rays/EUV radiation,
utilize new technologies that have only recently béen developed and which have a po-
tentially large payoff in terms of new effects that can be produced in the ionosphere
and in the new knowledge that will be gained of the ionosphere.
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